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ABSTRACT 
Water scarcity represents a significant challenge to agriculture in Pakistan 
and globally. Further, climate change has been altering the rainfall intensity, 
pattern and distribution causing extreme weather events. Water inadequacy causes 
ethylene production in plants which impedes root development and decreases the 
ability of plants to absorb more water and nutrients. Moreover, ethylene works as a 
root to shoot stress signal and affects the plant physiological responses toward 
drought conditions. There are certain rhizobacteria that have ACCd enzymatic 
ability to reduce stress ethylene synthesis and enhance root growth. The current 
study examines the effect of ACCd containing rhizobacteria on velvet bean growth 
and physiological responses under drought stress. In this study 253 strains were 
initially isolated from velvet bean rhizosphere, 142 (56%) of the strains could 
utilize ACC as the only nitrogen source. Various laboratory scale experiments 
were carried out for further bacterial screening for ACCd activity and plant growth 
promotion of velvet bean seedlings, particularly root growth under axenic 
conditions. During plant growth experiments few ACCd containing strains were 
effectual in enhancing root growth (30 – 40% over control) under well watered and 
stressed conditions. On the basis of plant growth promotion, the best performing 
isolates were used in pot experiments with continuous water stress. Inoculation 
caused significant increase in root and shoot growth of stressed plants. The 
classical triple response bioassay and ex-situ ACCd analysis confirmed the 
microbial ability to metabolise ACC, which induced that selected strains were 
capable of reducing ethylene production. Isolates showed significant decrease in 
ethylene release (more than 50% over control) from leaves and roots of stressed 
xviii 
 
plants. In a second pot experiment, two rhizobacterial strains (G9 and HS9) were 
used as a consortium with continuous water stress. Co-inoculation enhanced the 
shoot and root biomass (90% and 40% respectively over control) under both well 
watered and water stressed conditions. ACCd active co-inoculation significantly 
increased the stomatal conductance, photosynthesis rate, internal carbon dioxide 
(Ci), and overall plant water use efficiency compare to uninoculated stressed 
plants. Consequently co-inoculated plants were more resistant to drought by 
maintaining their gas exchange and photosynthetic processes. Co-inoculation 
significantly decreased leaf and root ACC concentration (nmol g-1) and ethylene 
release (nl h-1 g-1) relative to un-inoculated stressed plants. The emission of various 
BVOCs was increased with stress conditions regardless of bacterial inoculation. 
Isoprene release increased as drought became severe but showed inhibition at 
severe drought stress. High microbial root colonization was observed in stressed 
plants having more ACC in the rhizosphere. The best strains in the consortium 
were closely related with families of the Genus Bacillus and Enterobacter. The 
selected strains were effective and consistent for reducing the drought inhibitory 
effect and could be a beneficial approach to enhance plant growth and crop yield 
under water limited conditions. There use would be a valuable environmentally 
friendly approach to decrease ethylene and emission and enable plants to endure 
water stress condition
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Chapter 1 
INTRODUCTION 
Owing to the potential impact on future ecosystems, global climate changes 
always remain a point of interest for scientists. Increases in atmospheric 
temperature and CO2 concentration seem to be causative agents of gradual 
environmental changes (IPCC, 2007). A minimal increase in global mean 
temperature may critically disturb the natural balance of ecological cycles for 
instance, water cycle (Fares et al., 2011). Regular changes in the environment have 
caused alterationss in the pattern, intensity and frequency of rainfall, leading to 
irregular, low and unanticipated rain patterns and resulting in local and 
geographicaly less water availability. Moreover, current global change models 
predict increased temperature, longer dry spells with less rainfall frequency, which 
exacerbate regional drought events (Ohashi et al,. 1999; Jentsch et al, 2007; Iqbal 
et al, 2008). 
Optimum levels of water and carbon dioxide are key variables of 
development and biochemical functions of plants (Centritto et al., 2009). Increased 
carbon dioxide concentration disturbs the assimilation of carbon during cellular gas 
exchange, while low water availability impedes plant development and 
physiological functions like transpiration, photosynthesis, and leaf gas exchanges 
which ultimately hinder the growth, development and yield of plants. Global water 
scarcity is predicted to increase in the future and lead to a meteorological drought 
condition in various part of world that is becoming a main limiting factor of plant 
functioning, reducing plant growth and biomass production (Brauman et al., 2013). 
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Under water stress conditions, plants uptake less water than transpiration 
and if the condition persists, it targets the plant development and leads to decrease 
in growth, leaf number, leaf area, wilting, damage to cell membranes and 
ultimately plant death. A primary effect of limited water supply in the plant body is 
usually a partial or complete closing of stomata that distinctly reduces water and 
CO2 exchange with the external environment. Low stomatal conductance reduces 
the internal CO2 concentration for photosynthetic activity. Water stress also limits 
photosynthesis by reducing leaf area and photosynthetic rate per unit leaf area. 
Partial or severe drought affects plant gas exchanges and carbon dynamics 
in terrestrial ecosystems (Weltzin et al., 2003; Parent et al., 2009; Wilkinson and 
Davies, 2010). To combat stress conditions, plants release substantial 
concentration of biogenic volatile organic compounds (BVOCs) into the 
atmosphere (Penuelas and Llusia, 2003).  Under normal conditions plants release 
almost 2% of photosynthetically assimilated carbon in BVOCs production. 
However, especially in water stress situations, plants give out more than 10% of 
assimilated carbon in the form of volatile compounds (Simpraga et al., 2011b). 
BVOCs are a large group of volatile compounds, about 1700 substance 
have been identified that are emitted by plants (Loreto and Schnitzler, 2010). 
Biogenic compounds cover a wide range of organic species, including isoprenes, 
terpenes, hemiterpenes, monoterpenes, sesquiterpenes, isoprenoids and oxygenated 
compounds (Guenther et al. 1995; Zeemankova and Brechler, 2010; Simpraga et 
al, 2011a).These are emitted from natural sources at an estimated rate of 1.1-1.5 Pg 
C per year globally (Guenther et al. 1995; Kreuzwieser et al., 2006) which is 
greater than anthropogenic emissions (Owen et al., 2003). Their concentration 
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varies from several ppt to ppb, and reactivity span from minutes to hours 
(Kesselmeier and Staudt, 1999; Zemankova and Brechler, 2010). BVOCs have 
gained more scientific consideration because of crucial roles in the biosphere–
atmosphere interaction. BVOCs can alter the atmospheric chemistry because these 
act as main precursors for photochemical tropospheric ozone production under 
high temperature. (Kavouras et al., 1998; Yassaa et al., 2000; Fiala and Zavodsky, 
2003; Cahill et al., 2006 and Demarcke et al., 2010).  
Ethylene is a potent plant hormone released by the plants in response to 
environmental stresses (Arshad and Frankenberger, 2002; Khalid et al., 2009) and 
acts as a root to shoot signal under stress conditions (Singh and Singh, 2013). 
Drought causing stress is likely linked with release of higher ethylene oncentration. 
The effects of ethylene in response to drought were noticed because higher levels 
of ethylene have a negative impact on plant growth predominantly root growth 
(Mayak et al., 2004; Shahzad et al., 2010).  
Ethylene is produced through its immediate precursor ACC (1-
aminocyclopropane-1-carboxylate) in higher plants by the activity of enzyme 
ACC-oxidase. Endogenous ethylene release is very sensitive to moderate to severe 
drought conditions (Mayak et al., 2004; Arshad et al., 2008). Moreover, high 
levels of ethylene are responsible for plant growth inhibition, premature 
senescence and release of other stress chemical compounds (Morgan et al., 1990; 
Saleem et al., 2007; Kulkarni and Phalke, 2009). To reduce the inhibitory effect of 
drought, it is vital to regulate stress-induced ethylene levels in plants.  
In response to unfavorable environmental conditions as drought, plants 
adopt morphological and physiological strategies to mitigate drought effects 
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(Yordanov et al., 2003; Kohli et al., 2013). For instance modifications include 
reduced plant height, small leaf size to avoid transpiration and low stomatal 
conductance (gs) (Niinemets 2001; Merchant et al., 2006; Henry et al., 2011; 
Lewis et al., 2011; Jiang et al., 2012; Alvarez and Sanchez-Blanco, 2013). 
Elongation in root length allows plants to increase water uptake potential by deep 
root systems (Arndt et al., 2000).  The modifications facilitate the plant to tolerate 
and survive better under water stress conditions. Beside the physiological changes, 
it has been reported that any reduction in the endogenous levels of plant ethylene 
under stress condition could have stimulatory effect on root growth and ultimately 
shoot growth. (Contesto et al., 2008; Yang et al., 2009; Ramadoss et al., 2013). 
Plant microbial interactions also serve to remediate or lessen abiotic 
stresses. There are certain free living soil bacteria associated with plant roots that 
promote plant growth in various ways, generally called plant growth promoting 
rhizobacteria (PGPR) (Belimov et al., 2009). Among PGPR groups, certain 
microorganisms contain a specific enzyme ACC deaminase (ACCd). PGPR ability 
to utilize ACC can ameliorate plant growth inhibition as a result of ethylene 
production (Penrose et al., 2001; Mayak et al., 2004; Belimov et al., 2005). The 
ACCd enzyme can hydrolyse ACC, which is the immediate precursor of ET, into 
ammonia and α-ketobutyrate, instead of ethylene (Glick et al., 2007). The 
rhizobacteria present on the root surface, degrade ACC and can use it as the sole 
source of nitrogen and carbon requirement. Therefore, PGPR use may be one of 
the most effectual strategies to improve plant tolerance, growth and water use 
efficiency by lowering endogenous ethylene levels. Rhizobacteria take up ACC 
from the rhizosphere and decrease the root ACC level, which consequently reduces 
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the root ethylene production. As a consequence of rhizobacterial ACCd activity, 
less ethylene is produced and release from plant roots under stress conditions and 
leads to better root growth and proliferation (Shahzad et al., 2013). Root 
elongation as a result of rhizobacterial activity would be helpful for plants to 
sustain against drought stress and its physiological consequences (Safronova et al., 
2006; Shahzad et al., 2010).  
Velvet bean is widely grown in Asia, particularly in northeastern India and 
recognized as famine food. It is also grown in other parts of the world due to 
multiple benefits. Its role in the nitrogen cycle, storage of high nitrogen content, 
improve soil fertility, shallow roots and its importance in controlling weeds that 
make it an ideal candidate for use as a fallow crop. It is generally planted as a 
fallow crop to maize (Hairiah et al., 1992; Buckles 1995). Velvet beans are used as 
food for humans because of the high protein content (up 27%) and fodder for 
livestock (Duke 1981; Olaboro 1993). Because of the vast properties and the 
widespread acceptance for planting, a deep understanding of the stress response 
and biogenic emissions from velvet bean under stress conditions is required. 
Several studies show the effect of inoculation with ACC deaminase 
producing PGPR on plant growth, very little is known about the effects of such 
PGPR on plant growth along with the plant physiological responses and biogenic 
emissions under water stress conditions. This study will provide understanding that 
how ACCd active PGPR influence plant growth and eco-physiological responses 
under drought stress. Moreover, none of the studies reveals the effects of 
rhizobacteria with ACC deaminase activity on velvet bean. Thus, the present study 
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was conducted on velvet beans (Mucuna pruriens) under drought stress conditions 
with the following objectives:  
1. Isolate and screen indigenous rhizobacteria containing ACC deaminase 
from rhizosphere of velvet beans (Mucuna prurien) 
2. Characterize the most effective bacterial strains for ACCd activity  
3. Analyze gas exchange rate in plants grown in normal and drought induced 
conditions 
4. Identify and estimate BVOCs releaseds under the effect of rhizobacteria 
and drought   
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Chapter 2 
REVIEW OF LITERATURE 
 Global environmental changes are driven by many factors and CO2 is 
considered as the main reason of all the changes (IPCC, 2007). A continuous 
increase of CO2 levels in the atmosphere has been observed in the past century as a 
result of industrialization, population shift, more urbanization and anthropogenic 
activities.  It is predicted that CO2 concentration will rise up to 700 ppm by the end 
of this century. In consequence of the rise in CO2 levels the Earth’s temperature 
has been raised to approximately 0.3 – 0.68 0C in every decade of the current 
century (IPCC, 2007). These factors can disturb several ecological processes 
(Fares et al., 2011) including the water cycle (Luo and Mooney, 1999; Centritto 
and Loreto, 2005). Climate change models indicate irregular, low and 
unanticipated rainfall that reduces the water availability on local and global scales, 
which causes longer dry periods with less rainfall and is expected to exacerbate 
regional drought events (Ohashi et al., 1999; Jentsch et al., 2007; Iqbal et al., 
2008). 
 Water is the most important abiotic component and its deficiency in soil 
results inphotosythesisstress for plant productivity. Plants go under stress when 
water loss through transpiration exceeds the amount of water absorbed from roots 
and such a situation leads to drought stressed conditions (Dore, 2005). Drought has 
beenphotosythesismajor issue for plant growth and yield. It prevents plant 
development at early stages and reduces the plant yield potential (Barnabás et al., 
2008).  Limited water availability increases the incidences in environmental stress 
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conditions that will bephotosythesisbig risk for agro-ecosystems (Loreto and 
Centritto, 2008). 
2.1 PHYSIOLOGICAL CHANGES UNDER WATER STRESS 
 Water is an essential component in plant physiology, Water scarcity affects 
plant growth and development more than any other biotic and abiotic stresses 
(Sanchez et al., 2004). Drought incidence is a consequence of global warming and 
the intensive water demand and utilization for huge populations and crop 
production (Chaves et al., 2009; Campos et al. 2014). Drought is considered a 
limiting factor for plant growth and function (Brauman et al., 2013). Water scarcity 
challenges the plant’s physiological strength and affects primary productivity and 
growth (Chaves, 1991; Lawlor and cornic, 2002 and Flexas et al., 2004) through 
low  availability of soil water, high transpiration,  high vapor pressure, more soil 
salinity, nutrient depletion and hard soil that hinders plant root growth and 
penetration in soil (Wilkinson and Davies 2010). In drought conditions, plants 
uptake less water than transpiration and if conditions persist it targets plant 
development and leads to reduced height, leaf number, leaf area that leads to 
wilting, damages the cell membrane, and ultimately leads to plant death.  
Efficient usage of plant water and drought - avoidance techniques have 
beenphotosythesismajor area of research under changing climatic conditions (Shao 
et al., 2008). There is need to meet the agricultural demands of an increasing 
human population with less water availability, hence it is necessary to enhance the 
efficiency of crop water or to bring some modification in crop cultivation 
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environment and management system to cope up with drought conditions (Dodd et 
al., 2011; Wilkinson et al., 2012; Chen et al., 2013a). 
2.1.1 Leaf Gas Exchange 
Plants exhibit various modifications to avoid and to survive better under 
drought stress (Yordanov et al., 2003). A primary plant response to limited water 
supply is partial or complete stomatal closures that distinctly reduces water and 
CO2 exchange with the external environment (Akinci and Losel, 2012). Generally, 
reduced stomatal conductance appears asphotosythesisprotective function because 
it reduces water loss through transpiration and improves water usage efficiency of 
a plant (Chaves et al., 2009; Campos et al., 2014). Although, leaf stomatal 
conductance is sensitive to dry soil and chemical signals produced in response to 
water scarce condition. The stomatal sensitivity varies with leaf age and it has been 
observed that mature fresh leaves are relatively resistant as compare to older leaves 
under limited-water condition untill the leaf water potential -1.1 MPa (Chen et al., 
2013a). It supports the common observation that in dried soil, old mature leaves 
wilt and shed earlier than young mature leaves.  
Stomatal conductance is affected by dried soil and also influenced by many of 
the plant’s internal factors like xylem pH, ABA (absicic acid) content and ethylene 
synthesis in water deficit situations (Flexas et al., 2004). These chemicals are 
produced from roots in the rhizosphere after sensing soil dryness and work as 
signals that transmit to the upper shoots and leaves and allows the stomata to close 
for water conservation and plant protection from desiccation. Hence stomatal 
conductance acts as an indicator to measures plant status under limited water 
conditions.  
10 
 
 
 
Chen et al, (2013b) examined the ethylene and ABA role in stomatal closure of 
wheat leaves in different age groups by exogenous application. They found that 
stomata of young mature leaves are more resistant to ABA treatment than the older 
wheat leaves. The minimum applied ABA concentration (10-7mol dm-3) can trigger 
stomatal closure in young mature leaves up to 56% in comparison to control. 
However, with age, stomata become less responsive to ABA signals. A maximum 
concentration of ABA (7 x 10 -7mol dm-3) can significantly reduce stomatal 
conductance in all leaves. In the same experiment plants were also exogenously 
treated by ACC solution. The finding with ACC application was contrary than 
ABA because applied ACC concentrations (3x10-5mol dm-3) were influential on 
stomata of older leaves; a 40% reduction instomatal conductancewas observed and 
less reduction was assessed in young wheat leaves.  
ACC is a precursor for ethylene production and it is known that ethylene 
causes stomatal closure when ABA is relatively low (Wilkinson and Davies, 2010). 
Experiments have been conducted to affirm the ethylene role in stomatal closure 
relative to ACC (I-Amino cyclopropane 1- Carboxylate). Plants were treated with 
1-MCP (1-Methylcyclopropene- an ethylene inhibitor), and after its application it 
was observed that stomata became more resilient to ACC spray, hence it was 
confirmed that closure was due to ethylene production and these results are an 
addition to base observations about ethylene mediated antagonistic effects on 
stomata (Tanaka et al., 2005; Wilkinson and Davies 2009; Vysotskaya et al., 
2011). Chen et al., (2013b) also used previously identified PGPR Vivax paradoxus 
5C-2 (Belimov et al., 2005) to observe inoculation effects on stomatal closure 
under water stress. Although no significant difference was observed instomatal 
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conductancein water-stressed and well-watered plants (55%-57%), still 
rhizobacterial inoculation reduced thestomatal conductanceof old mature leaves as 
such drought induce high stomatal closure by young leaves. Vivax paradoxus 5C-2 
inoculation enhanced stomatal closure to soil drying in older leaves suggesting that 
effects of inoculation on stomatal responses can be due to the altered ethylene (not 
ABA) status. 
2.1.2 Internal Carbon Dioxide (Ci) and Carbon Assimilation 
 Internal CO2 is approximately 70% of external environmental CO2. This 
percentage significantly varies in various climatic factors and stress severity 
(Wong et al., 1979) and is inferred as a constant of adjustment for photosynthesis 
because it is the optimum amount required for carbon fixation. In intense drought 
situations the percentage of Ci is reduced, that influences the overall 
photosynthesis rate. 
 Photosynthesis is a primray process for primary production in all 
environmental conditions and a strong determinant of plant growth and 
productivity. It is the only self-regulating natural mechanism to capture sufficient 
amount of atmospheric CO2 into a plant’s body (Lenton and Huntingford, 2003). 
Despite being the most common process, it cannot tolerate even minor 
environmental changes (Centritto and Loreto, 2005). Photosynthesis swiftly 
responds to small ecosystem variations and stimulates a cascade of physical and 
biochemical modifications to cope with unfavorable changes and finally these 
alterations affect the gross primary production.  
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 Photosynthesis inhibition under water scarce condition involves an array of 
reactions (Chaves et al., 2003). Photosynthesis comprised of dual procedures for 
capturing and fixing of atmospheric CO2 in the leaves and there is a continuous 
deliberation about prohibitive factors for photosynthesis under drought. There are 
two main points: First photosynthesis is inhibited because of diffusive resistance 
resulting in stomatal closure under water stress making stomata incapable of 
capturing or diffusing more atmospheric CO2  to carboxylation site (Flexas  and  
Medrano, 2002;  Lawlor  and  Cornic,  2002;  Grassi  and  Magnani,  2005;  Flexas 
et al.,  2009;  Pinheiro  and Chaves,  2011; Campos et al., 2014). Second is 
biochemical hindrances in the photosynthetic reaction and production of secondary 
metabolites rather photosynthetic product in photochemical reaction inside the 
plant cell (Flexas & Medrano, 2002 and Tezara et al., 2002). Flexas et al. (2004) 
suggested that impeded ATP production is one of the photosynthesis rate limiting 
factors in mild drought.  
 Generally drought stimulated photosynthesis limitations originate at a 
diffusional level, and leaf metabolic activity is not affected either by stomatal 
closure or non-stomatal limitations (Loreto and Centritto, 2008). The stomatal 
induced photosynthesis reduction occurs under rapid but mild stress, in contrast, 
under slow but progressive drought some modification take place in the metabolic 
reactions inside plant cell (Loreto and Centritto, 2008). One more diffusive 
compartment with stomatal conductanceis mesophyll conductance (gm) that 
further reduce the chloroplastic carbon (Cc) under prolonged and severe stress, 
Flexas et al., 2002). Flexas et al. (2004, 2006) determined that stomatal closure did 
not appear to be linked with any metabolic limitation for photosynthesis, except 
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possibly less CO2 availability to the fixation site. Similarly decreased leaf water 
content disturbed over all photosynthesis (Flexas et al., 2009; Lawlor and Tezara, 
2009). Works have reported that diffusion induced photosynthesis impairment can 
be recoupled by supplying enormous amount CO2 at the leaf level (Cornic, 2000; 
Cornic and Fresneau, 2002) while some contrary results suggest that photosyntheis 
does not fully recover with elevated CO2 under water limited conditions (Quick et 
al., 1992 and Flexas et al., 2004). 
 The association between stomatal conductance and photosynthesis does not 
depend upon plant genetics and other growing conditions because water stress 
influence the internal CO2 through stomatal barrier (Cornic and Fresneau, 2002) or 
perhaps there is some co-assistance in both processes that may claim some 
common factors which trigger under water stress condition (Cornic, 1994) for 
process inhibition. Campos et al. (2014) studied CO2 assimilation rate of bell 
pepper (C. anum L.) under water stress conditions. Measurements were made with 
a Parkinson automatic leaf chamber found significant reduction in photosynthesis 
and stomatal conductance after 4 and 9 days of water deficit treatment. 
Photosynthesis value of stressed plants were only 65% and 11% of control plants 
while the stomatal conductance value decreased 60% to 95% at 4th and 9th day 
respectively compared to control plants. Similarly Chen et al. (2013) reported that 
reducing stomatal sensitivity to drought can prolong photosynthesis activity.  
Stomatal closure appears to be as an influential parameter under water stress 
conditions (Centritto  et al.,2003; Flexas  et al., 2009) but non stomatal factors also 
play role in photosynthesis inhibition when drought was severe (Leaf water 
potential <−1.24  MPa)  (Campos et al.,  2014 and Hu et al., 2010). In the 
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metabolic constraints of photosynthesis, Thimmanaik et al., (2002) observed that 
photosynthesis enzymatic activity under progressive drought in two cultivars of 
Morus alba, all enzymes started to deactivate at early drought episodes except for 
Rubisco and remained unaffected by moderate water stress untilstomatal 
conductance was less 0- 0.15 mol H2 O m-
2s-1. Likewise, Flexas et al. (2006) and 
Flexas et al. (2004) demonstrated that Rubisco remained active under stress and if 
fully active with low CO2 presence, photorespiration can be initiated. Thus, it also 
favors the concept that no photosynthetic biochemical hindrance occurs at 
moderate stress. However, if less CO2 remains in the chloroplast for longer periods 
it can deactivate Rubisco (Loreto and Centritto, 2008). However, in most studies 
stomatal conductance used as a reference value for water stress severity and to 
analyze drought induce decline in photosynthetic rate. 
2.2 ETHYLENE  
Ethylene is a prominent gaseous hormone that is synthesized by all plants 
under normal and in stressed conditions. Ethylene constitutes of simple 2- carbon 
structure of unsaturated hydrocarbons that intervenes and adjusts various 
developmental and biochemical processes inside the plant body (Arshad and 
Frankenberger, 2002; Belimov et al., 2005). Ethylene was discovered and 
documented as plant hormone. Proof was displayed by Gane (1934) who studied 
the release of gases from ripening apples, that plants release ethylene at certain 
developmental stages. Hence, previously ethylene was known as “ripening 
hormone” due to its prominent role in fruit ripening under harsh conditions (Khalid 
et al., 2009). Ethylene involves in several physiological and biochemical plant 
processes under various developmental stages (Arshad and Frankenberger, 2002; 
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Wang et al. 2002; Davies, 2010; Wilkinson and Davies, 2010). Ethylene also 
works as a chemical signal for stress condition. The term “Stress Ethylene” was 
first coined in 1973 by Abeles et al. (1992). Accelerated ethylene produced under 
various types of biotic and abiotic stresses such as effect of chemicals, temperature 
ranges, water deficit, U.V light, disease, and mechanical injury (Govindasamy et 
al., 2011). Ethylene releases as plants respond towards harsh condition for their 
survival. Now it is generally considered as “stress hormone” (Wang et al., 2000, 
2002; Wilkinson and Davies 2010; Belimov et al., 2005; Chen et al., 2013). Stress 
ethylene is the main cause of several physiological changes in cells near stress site 
(roots). 
2.2.1 Ethylene Synthesis 
 Ethylene formation in higher plants is sensitive to plant developmental 
stages and external biotic or abiotic stresses (Shaharoona et al., 2008). The 
ethylene formation pathway starts from L-methionine with main three determining 
enzymes. In the first stage the enzyme SAM synthetase accelerate the methionine 
transformation in to SAM, Next, ACC synthase (ACS) converts methionine into 1-
aminocyclopropane-1-carboxylic acid (ACC) through SAM pathway (Yang and 
Hoffman, 1984; Belimov et al., 2009; Zheng et al., 2013) this is the major and rate 
limiting step in which significant ACS regulates SAM hydrolysis into ACC and 5-
methylthioadenosine (Kende, 1993). ACC is the immediate precursor for ethylene 
production (Belimov et al., 2007, 2009, Chen et al., 2013) and accepted as a long 
distance signal in the transpiration stream (Sharp et al., 2011; Davies et al., 2005; 
Jackson, 2002) in soil drying. In fact , a minor variation  in  soil water  content 
brings changes  in  ACC that lead  the significant  changes  in  plant growth  and  
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physiology  (Davies  and  Zhang, 1991;  Dodd,  2005). The ACC oxidase (ACO) 
enzyme oxidizes ACC into ethylene, CO2, and cyanide. High levels of ethylene are 
produced by exposure to external stress and also with regulation in ACS and ACO 
(Nakatsuka et al., 1998; Petruzzelli et al., 2000; Wang et al., 2002; Jafari et al., 
2013). Stimulation of ethylene by IAA, also occurs in etiolated pea seedlings, via a 
rapid increase in the buildup of ACC-oxidase a transcript proceeded by that of 
ACC-synthase. 
2.2.2 Role of Ethylene 
Ethylene is  an  important  plant  hormone  that  is  required  for regulating  
numerous  physiological  processes (Sharp et al., 2011). It is a well known fact that 
ethylene action in plants results from huge endogenous and exogenous ethylene 
production and it helps in fruit ripening and better plant growth. Ethylene regulates 
the onset of leaf senescence (Zacarias and Reid, 1990; Pandey et al., 2000; Jing et 
al., 2005), performs a significant part in seed germination, tissue speciation, 
seedling growth, root instigation and elongation, nodule formation, shoot 
development, leaf senescence and abscission (Abeles et al., 1992; Arshad and 
Frankenberger, 2002; Glick et al., 2007, Gallie et al., 2009). Beside the activities 
in plant development ethylene works as an instigator for plant responses toward 
stress conditions. The influence of ethylene on plant development depends on 
ethylene concentration level, low levels of ethylene encourage root elongation and 
over all plant growth (Arshad and Frankenberger, 2002; Khalid et al., 2004) 
whereas in stressed environments plants synthesize high ethylene concentration. 
Higher levels in stress response impede root elongation and normal plant growth 
(Shahzad et al., 2010) reduce nodule formation, restrict seed germination and 
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increases the aging rate, senescence and abscission in leaves (Armstrong and 
Drew, 2002; Bialeca and Kepczynski, 2003; Sun et al., 2006 and Glick et al., 
2007; Atkinson and Urwin, 2012), however ethylene proliferates weak minor 
lateral roots (Mayak et al., 1999; Madhaiyan et al., 2006). 
 Ethylene can control stomatal conductance under drought stress. Ethylene 
induced stomatal closure when exogenously applied to Arabidopsis leaves 
(Desikan et al. 2006), while ethylene works in opposite to with other plant stress 
hormone like ABA (Wilkinson and Davies, 2010). Chen et al, (2013) reported that 
with high ABA level, ethylene antagonist for stomatal closure and also, ethylene 
limits stomatal closure when plants expose to ozone stress in drought conditions 
(Wilkinson and Davies, 2002).  
2.3 DROUGHT EFFECTS ON PLANT SECONDARY COMPOUNDS  
Consistent climatic alterations and anthropogenic intrusion in the 
atmosphere particularly affect the quality and amount of production-emission of 
different gases from vegetation. Plants are rich in various natural products; plants 
produce, accumulate and release a diversity of chemicals that may be involved in 
plant-environment interactions. Most chemicals help plant-to-plant, plant-to-
microbes and plant-to-animals communication; some of them also protect the plant 
from ultraviolet radiations and oxidants. These compounds act as scavengers for 
oxidants and protect the plants from stress damage effects. Many of these 
compounds have been referred to as “secondary metabolites” to distinguish them 
from the primary compounds required for the growth of all plants. These vast 
categories of secondary compunds are known as volatile organic compounds. 
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2.3.1 Biogenic Volatile Organic Compounds (BVOCs) 
BVOCs are a relatively large group of secondary metabolites that are 
lipophilic volatile organic compounds with 2 to 10 carbon. They include isoprene, 
terpenes, hemiterpenes, monoterpenes, sesquiterpenes and other oxygenated 
compounds (Seinfeld and Pandis, 1998; Zemankova and Brechler, 2010; Simpraga 
et al., 2011b), that are emitted from natural sources at an estimated rate of 1.1-1.5 
Pg C per year on global scale (Guenther et al., 1995 and Kreuzwieser et al., 2006) 
and it is 10-fold greater than anthropogenic VOC emissions (Owen et al., 2003)  
this estimation rate has been confirmed by recent models (Guenther et al., 2006). 
BVOCs atmospheric concentrations vary from several ppt to ppb. Generally 
BVOC emission accounts for approximately 2% of the total C-exchange of 69 Pg 
between the biota and the atmosphere (Kesselmeier and Staudt, 1999 and 
Zemankova and Brechler, 2010), while the type of BVOCs emitted may vary 
depending on plant species (Steinbrecher et al., 2009). 
The secondary chemical metabolites are necessary for competition and 
survival in the plant community. Currently, more than 100,000 chemical products 
are known to be produced by plants and among them almost 1,700 chemicals are 
considered as volatile in nature (Dicke and Loreto, 2010). These volatile organic 
compounds (VOCs) are categorized as any organic compound with enough vapor 
pressure to get vaporize in normal conditions (Dicke and Loreto, 2010). As these 
compounds are released from plants so more particularly they are known as 
Biogenic Volatile Compounds (BVOCs) that support the plants and act as 
defensive chemicals against biotic and abiotic stresses (Penuelas and Llusia, 2003), 
pollutants (Loreto and Velikova 2001), oxidatives  (Peñuelas and Llusià 2003), and 
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also influence plant-plant interaction (Pichersky and Gershenzon 2002; Vuorinen 
et al. 2004). BVOCs are somehow considered as atmospheric pollutants but if less 
BVOCs are emitted, it will decrease a plant’s tolerance to multi stressed urban 
environments with high temperatures, drought and presence of oxidative 
compounds.  
2.3.2 BVOCs Synthesis  
Plants producephotosythesiswide spectrum of BVOCs in various tissues 
above and below ground. All vegetative parts are capable for BVOCs synthesis but 
leaves are considered an important source of BVOCs emission (Fares et al., 2010). 
However; the release concentration varies in different developmental stages of the 
plant. In plant biochemical processes the methylerythritol pathway (MEP) is 
necessary for allocation and readjustment of carbon and energy in different setups 
(Harrison et al., 2012, Li and Sharkey, 2012) The synthesis of 5-Carbon BVOCs 
generally use methylerythritol pathway (MEP), while low molecular weight, C1 
and C2, compounds, such as methanol, ethanol, formaldehyde, and acetaldehyde 
can be formed by other biosynthetic routes (Kreuzwieser et al., 1999). MEP forms 
the basic isopentenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP) 
in few bacteria and plastids of all phototrophic organisms. However, the basic 
formation of IDP and DMADP in plants uses different pathways. One is cytosolic 
mevalonic acid (MVA) pathway from acetyl-CoA, and another is plastidic MEP 
from pyruvate and glyceraldehyde-3-phosphate. Generally, the MEP pathway 
provides IDP and DMADP for hemiterpene and monoterpene biosynthesis, while 
the MVA pathway provides the C5 units for sesquiterpene formation. Perhaps, 
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both biosynthetic routes are possible, particularly (via IDP) in the direction from 
chloroplasts to the cytosol.   
It is well accepted that plants release assimilated carbon as secondary 
compounds (Schnitzler et al., 2004) in normal conditions plants give out almost 
2% of their assimilated carbon in BVOCs formation (Simpraga et al., 2011a and 
Holopainen, 2004), when dealing with single or  multiple stresses photosynthetic 
assimilated carbon release increase from 10% to even 67%. In fact, it has been 
estimated that 36% of total plant photosynthetic carbon release back as BVOCs by 
terrestrial vegetation, hence these emissions are related with the availability of 
photosynthetic intermediated compounds and considered as a light-dependent 
procedure (Loreto et al., 1996). It is well known that plants consume 
photosynthetic carbon in BVOCs formation pathways, even though in the 
biosynthesis of volatile terpenes the BVOCs emission is uncoupled with 
photosynthesis (Loreto et al., 1996). Possibly the initiation of terpene production is 
carried out with some active carbon source alternatively to fresh assimilated 
photosynthetic carbon. A few C-labeling studies give indication that isoprene 
production may use alternative xylem-transported glucose and starch from 
chloroplast (Schnitzler et al., 2004). Also in stress conditions, with starch depletion 
plant use extra chloroplast carbon to feed BVOCs bio synthetic path ways (Brilli et 
al., 2007). 
2.3.3: BVOCs Release During Water Stress 
 BVOCs synthesis and emission rates are regulated by a plant’s 
environmental and genetic factors (Kreuzwieser et al., 2006). Stresses usually 
induce damage in plant systems that activate production of other defensive volatile 
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compounds from photosynthetic intermediates (Loreto and Schnitzler, 2010). 
Hence, possibly both biochemical reductions in photosynthesis and stomatal 
closure, have negative influence on BVOCs emission through restriction of carbon 
supply into MEP which increase resistance to emission. The emission of the most 
dominant volatile group, terpenes, is resistant to biotic and abiotic stresses and is 
generally stimulated by stress incidence. It is widely observed that isoprene 
emission is not reduced, maintained, or somehow increased with drought (Thomas 
and Loreto, 1993), unless the drought is severe enough to completely prohibit  
photosynthesis and the carbon budget to negative (Fortunati et al., 2008). Terpenes 
biosynthesis is resistant or unaffected with mild drought stress (Llusia and 
Penuelas, 1998). 
Drought stress exhibits various effects on the monoterpene pool in 
mesophyll cells and others stored in specialized structures (Loreto and Schnitzler, 
2010). Therefore, the literature has conflicts regarding BVOCs emission in drought 
stress. Upon imposing a drought stress, BVOCs emissions are reported to be 
enhanced (Delfine et al., 2005; Blanch et al., 2009), reduced (Brilli et al.,  2007; 
Fortunati et al.,  2008; Lavoir et al., 2009; Penuelas and Llusia, 2003), or increased 
followed by a decrease (Sharkey and Loreto, 1993; Bertin and Staudt, 1996; 
Ormeno et al., 2007). Moreover, drought stress can alter BVOC species 
composition and induce new emissions depending on the level of stress (Niinemets 
et al., 2010). 
2.3.4 Isoprene 
Among BVOCs, isoprenoid (isoprene C5 H8 and monoterpenes C 10 H16) are 
consider dominant emitted group by plants (Guenther et al., 1995; Harrison et al., 
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2012; Naik et al., 2004; Magel et al., 2006; Atkinson and Arey, 2003; Zemankova 
and Brechler, 2010). Isoprene is the simplest and most volatile isoprenoid, and the 
backbone molecule of all isoprenoids. Monoterpenes, sesquiterpenes, and 
homoterpenes are widespread constituents of flowers fragrances (Boland and 
Gabler, 1989). Isoprene and 2-methyl-3-buten-2-ol (MBO) are biochemically 
synthesized in chloroplasts by isoprene and MBO synthase (Loreto and Schnitzler, 
2010). The emission of isoprene and terpenes is estimated as more than half of the 
total BVOCs emission (Harrison et al., 2012). Isoprene is the most abundant 
compound emitted by plants and it contributes about 40% of the global BVOCs 
emission (Guenther et al., 2006; Sharkey et al., 2008). 
Terpenes are constitutively formed in some plant families that store them in 
massive amounts in internal or external structures (e.g. the resin ducts of conifers 
or the glandular cells of Lamiaceae leaves). They may also be induced in response 
to wounding or herbivory attack. The emission of terpenes from storage structures 
is generally uncoupled from photosynthesis as it may occur, for example, at night 
(Ghirardo et al., 2010). However; direct isoprene or monoterpenes release from 
mesophyll is common in tree species. Isoprene also plays role in formation of 
organic acids and carbon monooxide in the atmosphere (Zimmerman et al., 1978).  
Isoprene emissions are reduced under high O3 concentration (Velikova et al., 
2009), although this is not consistent with the idea that isoprene confers resistance 
to ozone damage. 
2.3.5 BVOCs Role in Plant –Atmosphere Interaction 
The new understanding of volatile isoprenoid emission instigat new 
investigations into various fields  in plant physiology including molecular biology, 
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chemical ecology and atmospheric science (Harrison et al., 2012), by virtue of 
BVOCs role in the biosphere–atmosphere interactions. BVOCs most prominently 
isoprenoids help plants to cope with multiple stresses in poor situation in which the 
same volatile compound may speed up the photochemical cycles in atmosphere 
that exacerbate the situation (Calfapietra et al., 2013). 
BVOCs have the ability to alter atmospheric chemistry (Yassaa et al., 
2000) by influencing the oxidizing potential of troposphere and take a part in 
tropospheric ozone formation (Fiala and Zavodsky, 2003). Ozone (O3) is third 
most important greenhouse gas after CO2 and CH4, transported through eddy fluxes 
from the stratosphere to the troposphere but it is also product of reaction between 
anthropogenic and biogenic chemical compounds and NOx in the presence of 
sunlight with high temperature (Roelofs and Lelieveld, 1997; Fuentes and Wang, 
1999, Geron et al., 2006, Calfapietra et al., 2013). BVOCs consist of many 
unsaturated compounds that follow reactions with OH• (during the day) or NO3 
radicals (at night), and can form peroxy radicals that react with NO and covert to 
NO2. Because photolysis of NO2 is the first step in the formation of tropospheric 
O3, oxidation of biogenic VOCs directly results in net ozone formation in polluted 
environments (Seinfield and pandis, 1998 and Demarcke et al., 2010). 
Isoprenoids, which are more pronounced in alterations of tropospheric 
photochemistry, also contribute to formation of other secondary pollutants 
(Fuentes and Wang, 1999), secondary organic aerosol production (Owen et al., 
2003) and participate in the oxidative capacity of the atmosphere (Andreae and 
Crutzen, 1997; Fuentes et al., 2000 and Potosonak et al., 2014). Isoprene forms 
higher quantities of reactive oxygen compounds in the atmosphere which 
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potentially raise O3 levels.A reactivity factor of 9.1 g O3 g-
1 (the production of 
gram of Ozone per gram of VOC ) VOC to isoprene-emitting species has been 
assigned, while for a-pinene, the most commonly emitted monoterpene, the 
assigned reactivity factor was 3.3 g O3 g
-1 VOC (Carter, 1994). Simulations of O3 
formation at regional scale were performed considering NOx, anthropogenic 
volatile compouns, and BVOCs emissions in California (Steiner et al., 2006). NOx 
and some anthropogenic volatile emissions characterized mostly the urban areas, 
while BVOC emissions characterized the green areas around the cities. The highest 
O3 concentrations were recorded downwind of the city areas. In Santiago Chile, 
higher ratios of VOC/NOx were observed during weekends due to lower emission 
of NOx from traffic, again resulting in higher O3 concentration during weekends 
(Seguel et al., 2012). 
2.4 BIOLOGICAL APPROACH TO MITIGATE DROUGHT STRESS 
Plants bring various modifications in their morpho-physiological 
approaches to combat drought stress and its negative consequences to some extent, 
while prolonged drought stress affect the plant growth. To decrease drought risk 
and to augment plant survival rate, various chemical and biological approaches are 
required. To concern with biological approach, the plant rhizosphere is a 
remarkable ecological environment as innumerable distinct microorganisms 
colonize in, on, and around the roots of growing plants (Khalid et al., 2009) that 
support plant development and strength against stresses. Manipulation of 
rhizosphere microflora by augmentating with potent rhizobacterial isolate may give 
an economic, feasible and flexible approach to enhance plant growth under 
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stressed environment (Chen et al., 2013). The special group of isolate known as 
plant growth promoting rhizobacterial.  
2.4.1 Plant Growth-Promoting Rhizobacteria (PGPR) 
PGPR are a group of soil beneficial bacteria that are able to supplement 
plant growth, reduce sensitivity to stress conditions and improve crop yields. 
PGPR colonize roots system that proliferate root growth and extension to improve 
nutrient uptake, biomass and yield by various mechanisms (Singh, 2013). PGPR 
are dynamic microbial participant in the root zone, and their cumulative plant–
microbe associations positively enhance plant growth (Khalid et al., 2004, 2006).A 
PGPR may contribute in multiple ways to improve plant growth and performance 
in normal and stresseed conditions (Lugtenberg and Kamilova, 2009; Jiang et al., 
2012). Single effective strain can show more than one plant growth promoting 
trait. Few isolates can imitate plant growth hormones and some strains can enhance 
the nutrient availability for plants. The screening of rhizobacteria for growth 
promotion under gnotobiotic conditions and in vitro production of ACCd activity 
is a convenient approach for selecting effective PGPR.  
2.4.2 ACC Deaminase (ACCd) Containing PGPR 
The  enzyme  ACC  deaminase (ACCd),  is  found  in various  of  
microorganisms (Wang et al.,  2000;  Ma et al.,  2003;  Sessitsch et al., 2005) 
especially in PGPR, belonging to various taxonomic groups; most of them are 
mesophilic in nature. ACCd having PGPR hydrolyses ACC (Honma and 
Shimomura, 1978; Glick et al., 2007; Belimov et al., 2005) into ammonium and a-
ketobutyrate for use as carbon and nitrogen sources, untill an ACC equilibrium 
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level establish between root, rhizosphere and bacterium. PGPR lower the 
rhizospheric ACC concentration that cause more plant ACC release as exudate 
(Belimov et al., 2009). Primarily Honma and Shimomura (1978) first reported that 
soil bacteria (Pseudomonas sp. strain ACP) and the yeast Hansenula saturnus were 
capable of utilizing ACC as nitrogen source because of ACCd enzyme presence in 
these organisms. Later, it accounts as an effective mechanisms that most of PGPR 
use to facilitate plant growth and development through reducing ethylene in plants 
(Glick et al., 1995).  
Potent microorganisms for ACC degradation can be readily isolated from 
soil, It is evident from literature that ACCd activity is much more extensively 
present in variety of soil bacteria related to Alcaligens, Variovorax, Rhodococcus, 
and Bacillus genera (Belimov et al., 2005, Madhaiyan et al., 2006) and also among 
various Pseudomonas species, that were secreened from pea and Indian mustard 
rhizosphere that were grown in different soils with metal contaminated sewage 
sludge (Belimov et al., 2005). Burd et al. (1998) described new ACC-consuming 
bacterium Kluyvera ascorbata SUD 165 and further this isolate declared as PGPR 
that improved canola, tomato, and Indian mustard seedlings growth treated with 
toxic concentrations of nickel, lead, and zinc (Burd et al., 2000). 
2.4.3 PGPR Action Mechanism  
Many PGPR have been isolated to date, each with one or more traits that 
influence seed development to plant growth by various mechanisms. One isolate 
might contain more than one beneficial trait and affect many plant factors (Glick et 
al., 2007). PGPR adopt various mechanisms to expedite plant growth. There are 
numerous ways that improve phytohormones and plant nutrient uptake (Patten and 
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Glick, 2002; Garcia de Salamone et al., 2005 and Glick et al., 2007) that take a 
part to enhance plant growth at various life stages. However, there is a specific 
group of PGPR that synthesize the particular ACCd enzyme (Belimov et al., 2005; 
Kaneko et al., 2002; Babalola et al., 2003; Madhaiyan et al., 2006; Shaharoona et 
al., 2006b and Glick, 2014) and have the ability to cleave ethylene precursor and  
reduce plant ethylene release in stress condition.   
2.4.3.1 PGPR alleviate ACC level and ethylene production 
Ethylene is a stress hormone that inhibits plant growth. Any process that is 
able to reduce stress ethylene synthesis may obstruct the inhibitory effect of 
ethyleneon root proliferation. Various biosynthetic product and their similar 
chemical compounds are known to modulate plant ethylene synthesis and 
emission. For instance, an amino acid rhizobitoxin produced by multiple microbial 
strains can hinder the ethylene release, similarly its one chemical analog 
aminoethoxyvinyl glycine (AVG) and silver thiosulfate perform the same job 
(Kępczyńska and Zielińska, 2013). 1-Methylcyclopropene (1-MCP) also use as 
pretreatment to regulate ethylene release (Chen et al., 2013b). It is interesting to 
assess accelerated ethylene regulation in plants under environmental stress 
conditions with biological augmentation, which either can reduce the inhibitory 
effect of stress ethylene on plant growth and development (Arshad and 
Frankenberger, 2002; Owino et al., 2006; Arshad et al., 2008; Belimov et al., 
2013). It is suggested from previous years that plants introduced to specific plant 
growth promoting bacteria (PGPR) with ACC-deaminase (ACCd) trait can reduce 
stress effect, stress ethylene emission and consequently improve plant growth. The 
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specific PGPR with ACCd reduce plant endogenous ACC and as a result, lower 
ethylene synthesis in plants under suboptimal growth conditions.  
Glick et al. (1998) gave a model for plant growth-promoting bacteria that 
are able to lower ethylene levels by direct mechanism and indirectly ultimately 
improve over all plant growth. According to this conventional model, soil microbes 
adhere on seed or root surface of a growing plant, in response to plant exudates 
(Whipps, 1990). PGPR simultaneously synthesize and release indole acetic acid 
(IAA) (Patten and Glick, 2002) and some amount of IAA is taken up by the plant. 
It synergizes with internal plant IAA for trigger cell division, plant cell elongation 
and initiate the ACC synthase enzyme for the conversion of SAM into ACC 
(Kende, 1993). Synthesized ACC, when in higher concentration, is exuded from 
plant roots along with other small molecules of root exudates (Penrose and Glick, 
2001).  Released ACC is taken up by ACCd active PGPR and hydrolyze by ACCd 
enzyme, and converted into ammonia and a-ketobutyrate. The uptake and cleavage 
of ACC by plant growth-promoting bacteria decreases the amount of ACC outside 
the plant. Increasing amounts of ACC are exuded by the plant to maintain the 
equilibrium between internal and external ACC levels. Thus outside bacteria cause 
more ACC production and release from roots. As a consequence of less ACC in the 
plant, the plant ethylene amount also lessened. PGPR that possess ACC enzyme 
and stay with plant seedlings, can lessen the ethylene level and, in result, reduce 
ethylene constraints on root elongation (Abeles et al., 1992). 
Plant growth promoting bacteria are able to regulate the concentration of 
gaseous phytohormone ethylen’. Biosynthesis of ethylene Production in plants has 
been investigated that is directly linked with the amount of ACC (Machackova et 
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al., 1997). Similarly, few microbes have the ACC-deaminase enzyme that is able 
to break down ACC into NH3 and α-ketobutyrate (Glick et al., 1998; Mayak et al., 
1999; Shaharoona et al., 2007; Saleem et al., 2007; Contesto et al., 2008). The 
uptake and cleavage of ACC by plant growth promoting bacteria containing ACC-
deaminase reduce the amount of ACC, as well as ethylene, outside the germinating 
seeds, in that way acting as a sink for ACC. The bacterial biological activity 
modulates the certain ACC-deaminase and ACC-oxidase production in the process 
to lessen ethylene levels (Glick et al., 1998; Arshad and Frankenberger, 2002).  
Reduction in ACC level results in lower levels of endogenous ethylene, 
which reduces the inhibitory effects of higher ethylene levels (Glick et al., 1998; 
Geraats et al., 2003 and Dodd et al., 2004). Numerous microbes have been found 
to stimulate plant growth through their ACC-deaminase activity (Glick et al., 1998; 
Mayak et al., 1999; Contesto et al., 2008). Furthermore, plants inoculated with 
ACCd active PGPR reduce the deleterious effects of stress ethylene that produced 
under stress environment (Wang et al., 2002; Mayak et al., 2004; Kausar and 
Shahzad, 2006; Saleem et al., 2007).  
Certain plant growth promoting rhizobacteria containing the enzyme ACCd 
that decrease root ACC concentrations (Penrose et al., 2001) and mitigated 
ethylene’s inhibitory effects on shoot growth (Glick et al., 1998; Glick, 2005; Chen 
et al., 2013) Inoculation of plants with rhizobacteria containing ACCd attenuated 
an increase in xylem sap ACC levels induced by soil drying (Belimov et al., 2009) 
and decreased whole-seedling ethylene accumulation (Penrose et al., 2001 and; 
Mayak et al., 2004). PGPR Variovorax paradoxus 5C-2 with ACCd activity can 
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reduce xylem concentrations of the ethylene precursor ACC and support reduce 
ethylene release (Belimov et al., 2009).  
2.4.3.2 PGPR ameliorate plant physio-morphological characteristics 
 The ACC-utilizing PGPR indirectly ameliorate plant growth through their 
direct mechanism to decrease the ACC content (Penrose et al., 2001) and ethylene 
production (Burd et al., 1998; Belimov et al., 2007; Mayak et al., 2004). The root 
elongation promotion by PGPR is an outcome of ACCd presence and experiments 
give evidence that ACCd is one of the key mechanisms of rhizobacteria promoting 
plant growth, especially root extension and elongation (Madhaiyan et al., 2006). 
The PGPR positively influence the proliferation of both leguminous and non-
leguminous plant species. Multiple factors influence the time and status of  
nodulation on the roots of legumes together with physicochemical and host micro-
symbiont compatibility conditions of the soil and presence of known and unknown 
bio-molecules such as flavonoides, hormones and polysaccharides (Tisdale et al., 
1990; Glick et al., 1998; Mayak et al., 1999).  
PGPR are very specific to their own crop and it may happen that a 
identified isolate for one crop pose as a threat to other crop upon using as 
inoculant. Shaharoona et al. (2006) evaluated the efficacy of PGPR having ACC-
deaminase activity to prompt maize growth and also yield in N- supplemented soil. 
In the study a number of strains of rhizobacteria with ACC-deaminase were 
specified on their growth promotion ability of maize roots in controlled conditions. 
Obvious increase in plant height, root weight and total biomass were observed 
through inoculation. Field trials revealed inoculation caused better performed when 
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nitrogen was defecient. The bacterial strain Pseudomonas fluorescens biotype G 
(N3) was the most successful strain both in the presence and absence of N fertilizer. 
Several studies showed that PGPR with ACC-deaminase increase growth of 
non-leguminous yields. Several strains of PGPR increased plant growth by 
modulating the internally produced ethylene in roots by ACC activity.  Belimov et 
al. (2009) performed a work on pea (Pisum sativum) plants grown in soil- drying 
conditions to control plant ethylene production and enhance plant growth, yield 
and water use efficiency (WUE), in an environmentally safe way. Two water levels 
(40% WHC-soil drying and 80% WHC-well watered) were applied to plants after 
10 days of transplanting. Plants were inoculated with ACCd active PGPR V. 
paradoxus 5C-2 and 10 µm amino ethoxy vinylglycine (AVG), an inhibitor of 
ACC synthase in both water levels. Only rhizobacterial treatment enhanced root 
elongation in normal conditions though soil drying condition treatments of 
microbial and chemical prominently improved (16–20%) root elongation. Increase 
shoot biomass only responds to microbial treatment in both irrigation regimes V. 
paradoxus 5C-2 showed significant (P<0.01) enhanced in root and shoot biomass 
compared with control plants. With respect of leaf water potential, it remained 
same in inoculated and un-inoculated plants of both water levels. Interestingly with 
root growth the number of nodules was significantly high in microbial treatment.  
Recently, Chen et al, (2013) studied growth responses of Arabidopsis 
thaliana with V. paradoxus 5C-2 and a few ethylene insensitive mutants through 
ethylene mediated pathway. Pretreatment of plants with 1- methylcyclopropene (1-
MCP) that hinder the ethylene receptor and by application of ACCd active bacteria 
Variovorax paradoxus5C-2 in rhizosphere can partly restore the stomatal closure 
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in older leaves. Soil inoculation with Variovorax paradoxus5C-2 promoted growth 
(leaf area and shoot biomass) of plants and the ethylene-overproducing mutant 
eto1-1, and also enhanced floral initiation of wild type plants by 2.5 days. 
However, the effects were not seen in ethylene-insensitive mutants (etr1-1and 
ein2-1) even though bacterial colonization of the root system was similar. Hence 
effect of ACCd rhizobacteria is local to enhance root growth and somehow works 
in relation to systematic hormone signaling to enhance shoot growth and over all 
plant development especially in water deficit system. 
2.5 CONCLUSIONS 
Previous studies clearly demonstrated that a class of soil microorganisms 
containing the enzyme ACC deaminase can improve plant growth and yield by 
promoting root development in limited water conditions through modulation of 
stress ethylene. There are multiple studies that have inestigated the effects of 
drought on physiological responses of plants and emission of stress compounds. 
However, little is known about the effects of PGPR that are capable of regulating 
physiological processes of the plant by decreasing the stress signaling from root to 
shoot and thus improving the tolerance of plant to water stress. The present work 
will be a primary study investigating the role of rhizobacteria capable of producing 
ACC deaminase in plant gas exchange and carbon as BVOCs by modulating 
ethylene levels in plant. The use of such PGPR can be very effective in improving 
plant growth and yield under stress conditions. 
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Chapter 3 
MATERIALS AND METHODS 
A series of microbial and plant experiments were conducted to evaluate the 
ability of ACCd active rhizobacteria to promote velvet bean growth and reduce the 
release of ethylene from plant leaves and roots under water deficit conditions. A 
relationship between the effect of PGPR and BVOCs emission was also monitored 
in drought conditions. 
3.1 COLLECTION OF SOIL SAMPLES   
Soil samples were collected from different locations of the Province Punjab 
and Khyber Pakhtoon Khwa, Pakistan. The samples were collected from both 
rainfed (Gujjar Khan, Rawalpindi, Harripur, Attock,) and irrigated areas 
(Faisalabad, Bhawalpur). In rainfed areas, agriculture is entirely dependent on 
rainwater to meet the water requirement of crops, while the canal water is the main 
source of irrigation in irrigated farming system. Annual rainfall in rainfed area is 
250-500 mm, which is often erratic with spatial and temporal variations (Rashid 
and Rasul, 2010). Water scarcity is the major limitation for crop cultivation in 
rainfed agricultural system. 
Soil samples were collected from top soil (0 – 15 cm depth).  Different soils 
also varied in their textural class (Table 3.1). The soil samples were taken to the 
laboratory in plastic bags and stored at 4 °C before use for experiments. Pots of 3 
kg capacity were filled separately with these soils. Velvet bean seeds were 
imported from United States of America and surface disinfected seeds (3 seeds per 
pot) were sown in each pot. Seed disinfection was done by following the protocol 
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Table 3.1:  Collection of soil sample from different agricultural lands  
Sampling 
site 
Cropping 
system 
Crop 
History 
Texture 
 
Particle Size 
Distribution 
 
% 
Silt 
%Sand %Clay 
Rawalpindi Rainfed 
Wheat Sandy 
Loam 
 32 65 2.5 
Bhawalpur Irrigated 
Vegetable 
crop 
Loam  42 43 15 
Faisalabad Irrigated 
Wheat Loamy 
Sand 
 15 77.5 7.5 
Gujjar 
Khan 
Rainfed 
Wheat Silt Clay 
Loam 
 55 10 35 
Harri Pur Rainfed 
Wheat Sandy 
Loam 
 27.5 66.5 6 
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described by Khalid et al. (2004). The pots were kept in growth chamber at 23 oC, 
about 60 day-old velvet bean plants were uprooted and non-rhizospheric soil was 
slowly detached from the roots. These rhizosphere soil samples were used for the 
isolation of bacteria and specific codes were assigned with respect to soil samples 
collected from different areas. 
3.2 ISOLATION OF ACCd ACTIVE RHIZOBACTERIA  
Rhizosphere bacteria were isolated using the dilution plate technique. For 
this purpose, 10 g of rhizosphere soil with 90 ml of distilled water was mixed. This 
suspension was used to make serial dilutions. These dilutions were used to obtain 
pure cultures of bacteria on agar plates. About 200 µl suspension of each dilution 
was plated onto mineral salt agar medium and incubated at 30 ºC for 48 h. Initially, 
253 rhizobacterial isolates based on their morphology (colony shape, color, growth 
pattern) were selected.  
The selected colonies were again checked for the ACCd characteristics by 
growing them on ACC enriched (50 mg L -1) medium of pH 7.2 (Dworkin and 
Foster, 1958). ACC was used as sole nitrogen source in MSM for bacterial growth. 
The medium was composed (g L-1) of glucose (1.5), KH2PO4 (0.5), MgSO4
.7H2O 
(0.1) and Fe2SO4
.7H2O (trace amount) and ACC (0.05). All chemicals were of 
analytical/reagent grade and purchased from Sigma-Aldrich. ACC was purchased 
from ACROS Organics. Incubation was carried out at 29±1 ºC for 48 h. 
Out of total isolates, 56% showed ability to grow in a medium enriched 
with ACC. These isolates were further evaluated for their growth rate (in terms of 
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cell biomass) in test tubes containing ACC enriched liquid medium. The test tubes 
were incubated at 29±1 ºC for 48 h in a shaking incubator. The uninoculated 
medium was used as a blank. Optical density of each culture was determined after 
24 and 48 hours at 590 nm. Rhizobacteria showing the highest growth rate in the 
liquid medium were selected for subsequent experiments. 
3.3 PREPARATION OF INOCULA 
Based on the microbial growth rate in ACC enriched liquid medium, forty 
seven isolates were selected for next experiment. Liquid inocula of selected 
rhizobacteria were prepared in 250 mL flasks containing DF minimal salt medium. 
The flasks were inoculated with each isolate and control flask remained un-
inoculated. All flasks were incubated at 29±1 ˚C for 24 h at 80 rpm in a shaking 
incubator. After 24 h, the culture was filtered through Whatman filter paper No. 2 
and the filtrate was used to check the optical density with a spectrophotometer at 
590 nm wave length. Optical density (OD) of each culture was maintained at the 
same level (0.7 ± 0.02) by diluting broth culture with sterilized uninoculated 
medium. The uniformly prepared inoculum was used for inoculation. 
3.4 SCREENING RHIZOBACTERIA FOR PLANT GROWTH 
PROMOTION OF VELVET BEAN 
3.4.1 Inoculation Effect on Root Growth (Petri Plate Trial) 
A petri plate experiment was conducted in the Department of 
Environmental Sciences, PMAS-Arid Agriculture University, Rawalpindi to 
identify the strains that can enhance plant growth. Velvet bean seeds were surface 
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sterilized by immersing in 95% ethanol for 20 seconds, then dipping the seeds in 
0.2% (w/v) HgCl2 solution for 30 seconds (Khalid et al., 2004). The treated seeds 
were finally washed with sterile distilled water. The inoculation was done by 
dipping the sterilized seeds in inoculum for 5-10 min, and then inoculated seeds 
were placed between two sterilized filter paper sheets (Whatman filter paper No. 
42) in the petri dish. Five mL of sterilized distilled water were poured on wet filter 
paper sheets. Petri dishes were placed at 26 ±1ºC for seven days. The experiment 
was performed in a completely randomized design with four replications for each 
treatment. Data on root growth (root length and dry root weight) were recorded. 
3.4.2 Inoculation Effect on Velvet Bean Seedlings (Jar Experiment) 
Based on the potential of rhizobacteria to promote root growth, twenty one 
strains were selected to evaluate their potential to promote plant growth by 
conducting jar experiment under optimal growth conditions. Seed were surface 
sterilized by following the protocol given by Khalid et al. (2004). The seeds were 
sown in jars containing sterilized sand. After seed germination, each jar was 
inoculated with freshly prepared inoculum of respective strain (OD 0.7 ± 0.02 at 
590 nm). Autoclaved medium was applied in the control treatment. At seedling 
stage, 5 mL of half strength Hoagland solution (Hoagland and Arnon, 1950) was 
applied in every jar to provide nutrients to plants. The jars were placed in a growth 
chamber (25 ± 1 ºC) in a completely randomized design with six replications. Light 
intensity of 800 µmol m-2s-1 was provided for 12 hr per day. Plants were harvested 
after 2 weeks and data on root length, shoot length and dry root weight and dry 
shoot weight were recorded. 
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3.4.3 Effect of Rhizobacterial Inoculation on Growth of Velvet Bean under 
Water Deficit Conditions 
Another jar experiment was conducted under water deficient conditions. 
The isolates exhibiting the highest plant growth in first jar experiment were used. 
Field capacity was calculated by gravimetric method. Initially, all pots were 
irrigated, weighed and kept at 45% of water holding capacity. The pots were 
maintained at 45% of water holding capacity by adding water daily on regular pot 
weight loss basis. The increase in plant weight was neglected while maintaining 
water levels. Surface sterilized seeds were inoculated by immersing in liquid 
culture and the sown in jars. At seedling stage, five mL of half strength Hoagland 
solution and respective inoculum were applied in jars to examine their effects on 
plant growth under water limited conditions. The jars were placed in a growth 
chamber with optimum light condition and jars were regularly weighed to maintain 
45% WHC. These jars were placed in a randomized manner to provide similar 
conditions for each treatment. Plants were harvested after 20 days and data on the 
root length, shoot length and dry root weight and dry shoot weight were collected. 
3.5 CLASSICAL TRIPLE RESPONSE BIOASSAY 
Classical triple response bioassay was performed to assess the ability of 
ACCd active rhizobacteria to utilize ACC to reduce the plant endogenous ethylene 
levels under water limiting conditions. Etiolated pea seedlings are known to be 
ethylene sensitive and show the typical triple response when exposed to ethylene. 
The typical response includes reduction in shoot growth and root length and 
concomitantly increases in stem diameter (Neljubow, 1901). Chick pea seeds were 
grown with 5 mM ACC solution. Five selected ACCd active rhizobacteria (G4, 
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G9, HS9, H38 and H6) were used. Control treatment was grown only with ACC. 
Three surface sterilized seeds were placed in the fold of sterilized filter paper and 
then positioned in a 100 ml beaker. The beaker was covered with a green sheet to 
provide safe green light for seedlings. Three replications were used for all the 
treatments and incubated at 20 ± 2 °C, in dark condition. After one week, the 
seedlings were taken out and data about root length, shoot length and shoot 
diameter was recorded. 
3.6 CHARACTERIZATION OF SELECTED RHIZOBACTERIA  
The ACCd active plant growth promoting rhizobacteria were further 
characterized. Microbial analysis was performed by specific protocols as detailed 
below:  
3.6.1 Gram Test 
The Gram test was performed on best effective isolates to identify Gram 
positive and Gram negative isolates. The Gram test was performed by Ryu Non-
staining KOH Technique for rapid determining Gram reactions (Powers, 1995). 
One drop of KOH solution (3%) was taken on a clean glass slide, a mall loop of 
bacterial cell was thoroughly mixed with a solution to make it homogenized, when 
the solution became sticky and reaction happened, thus isolate was characterized as 
gram negative and in vice versa if no reaction occurred the isolate was considered 
as gram positive in nature. 
3.6.2 ACC Deaminase (ACCd) Activity Test 
The ACCd activity of the selected rhizobacteria was monitored by α-
ketobutyrate production. The enzymatic assay was performed according to a 
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modified protocol of Honma and Shimomura (1978) and Penrose and Glick 
(2003). The enzymatic activity of rhizobacteria was determined by estimating the 
production of α-ketobutyrate through ACC break down by bacterial ACCd 
enzyme. Bacterial inoculum was prepared and incubated for 48 h at 29 ± 1 ˚C.  
After 2 days incubation, bacterial suspension was centrifuged at 13500 rpm for 15 
min. After removing the supernatant, the bacterial cell pellets were collected in a 
clean 2 mL centrifuge tube. Pellets were mixed in 1 mL of 0.1 M Tris HCl, pH 7.6. 
The suspension was transferred to 1.5 mL micro centrifuge tube and the content 
was centrifuged at 13500g. After 5 min centrifugation, the supernatant was 
removed. The pellet was re-suspended in 600 µL 0.1 M Tris-HCl of 8.5 pH. 300µL 
of toluene was added to the cell suspension, followed by vortexing at the highest 
speed for 30s. The toluenized cells were readily assayed for ACCd test. The 200 
µL of toluenized cells were piped in fresh 1.5 mL micro centrifuge tubes amended 
with 20 µl of 0.5 M ACC, vortexed, and incubated at 30°C for 15 min. Following 
the addition of 1.0 mL of 0.56 M HCl solution was again vortexed and centrifuged 
at 13500 g for 5 min at 23 ˚C. 1mL of the supernatant was taken and mixed with 
800µL of 0.56M HCl, vortexed thoroughly and amended with 300µL of 2, 4-
dinitrophenylhydrazine in a glass tube. The mixture was vortexed and incubated 
for 30 min at 30°C. After incubation, 2 mL of 2M NaOH was mixed in solution. 
Change in color was measured at 540 nm to determine α-ketobutyrate. The 
concentration of α-ketobutyrate formed in this reaction was calculated by 
measuring absorbance on spectrophotometer at 540 nm and sample absorbance 
was compared with standard curve of α-ketobutyrate.  
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For the standard solution, a stock solution of 100 mM α-ketobutyrate was 
prepared with 0.1 M Tris-HCl having pH 8.5 and stored at 4°C. The solution was 
diluted to 10-mM with the same buffer to generate a standard curve. Each 200 µL 
of known standard concentration of α-ketobutyrate was mixed with 300 µL of 2,4-
dinitrophenyl-hydrazine  reagent, vortexed and incubated at  30°C for 30 min to 
convert α-ketobutyrate  into phenylhydrazone, while the color of phenylhydrazone  
was  obtained by further addition  of  2  M  NaOH (2.0  mL) mixed well. The 
absorbance of solution was measured on spectrophotometer at 540 nm. The 
standard curve was formed with standard absorbance values. 
3.6.3 Indole-3-Acetic Acid (IAA) Assay 
The production of auxin (IAA) in the absence and presence of L-tryptophan 
(L-TRP) was estimated in terms of IAA equivalents as described by Sarwar et al. 
(1992) and Khalid et al. (2004). An auxin expressed as IAA-equivalents was 
estimated by spectrophotometer using Salkowski coloring reagent. For the 
measurement of IAA-equivalents, 3.0 ml of filtrate was placed in a test tube and 
mixed with 2.0 ml of Salkowski reagent (98.0 ml of 35% HClO4 + 2.0 ml of 0.5 M 
FeCl3). For colour development, this mixture was allowed to rest for 30 minutes. 
The auxin production by rhizobacteria was calculated by comparison to standard 
curve of IAA standard solutions. The color development and the intensity were 
measured by spectrophotometer at 535 nm. Measurements were made in triplicate. 
3.6.4 Bacterial Antagonism Test 
  Three selected strains were assessed for their antagonism activity by 
following the protocol of Stonier, T. (1959).  For this assay, test tubes with MGY 
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broth medium and four petri plates with MGY agar medium were used. The recipe 
used for media preparation was (g L-1) Mannitol: 10 g, Sodium glutamate: 2.0 g, 
K2HPO4 x 3H20: 1.37 g, KH2PO4 : 0.5 g, MgSO4 x7H2O: 0.2 g, NaCl: 0.2 g, Yeast 
extract: 100 mg, with pH 7.0 - 7.2 and 18g  of agar for solidification. All liquid 
broth tubes were inoculated with each of the respective strain and similarly in 
inoculum poured in plates and spread as a small round in center of plate, Plates 
were incubated for 48h at 29±1 ˚C. The eppendroff tubes (n=12) were filled 
with 4ml of sterilized 1% agar phosphate buffer 0.05 M (pH 7) let it cool not 
solidified. After 48h liquid inoculum was mixed with liquid agar phosphate buffer 
at normal temperature and poured on an opposite strain plate, in this manner we 
had 6 combinations of 3 isolates (G9, HS9 and H38). Again the plates were 
incubated for 48h at 29 ± 1 ˚C. Later on the plates were assessed for the bacterial 
antagonism response. If some clear zone was observed near first strain circle, it 
shows that one of the strain produce some antagonist chemical that don’t allow the 
second strain to grow in combination,  if no clear zone indicated it means the 
bacteria are not producing opposite antibiotics and they can grow together. 
 3.6.5 Antibiotic Resistant Bacterial Mutants 
Selected strains were assessed for their ability to grow on antibiotics. In this 
test, Rifampicin and Kanamycin were used for G9 (Gram+) and H38 (Gram -) 
respectively, while Streptomycin was used for (Gram -) isolates HS9, isolates were 
allowed to grow on TSB medium with each respective antibiotic.  Initially low 
antibiotics concentration were used 5mg L-1 and 10 mg L-1, the grown  colonies 
were transferred to higher each respective concentration such as 20 mg L-1 and in 
this way it reached the antibiotic 200mg L-1 concentration. The resistant isolate 
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colonies that were able to grow on higher concentration were further used in 
consortium preparation. The resistant strains were again tested for their ACCd 
activity to promote plant growth under water stress condition. The antibiotic 
resistant strains were easy to differentiate in consortium and helpful in root 
microbial count during and at the end of experiment. 
3.7 EFFECT OF SELECTED PGPR ON GROWTH AND PHYSIOLOGY 
OF VELVET BEAN UNDER WATER STRESS CONDITIONS  
Pot experiments were conducted in a growth chamber at the Institute of 
Plant Physiology, National Research Center, Firenze, Italy. The experiment was 
carried out to analyze the daily physiological responses of plants to water stress 
continuously operated as FTSW. Inoculation effect was also observed for the 
reduction of the concentration of ACC and ethylene emission from roots and 
leaves of inoculated plants under continuous water stress.   
Water stress was applied by weighing pots daily using top load balance. 
Before starting experiment, stressed plants were soaked with water up to saturation 
level. These plants were then left to drain out for 12-15 hours. Next day, plants 
along with pots were weighed and then all were covered with white polythene 
bags. In this way, each plant of this treatment was weighed daily to record the daily 
water loss and continuation of stress. This practice continued until stomatal 
conductance approached zero. The stress level during the experimental period for 
each plant was expressed as a function of soil water content.  
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 In order to express the available soil water as the fractionable transpirable 
soil water (FTSW) for each pot in the water deficit treatment on each day, daily 
values of FTSW for each pot were calculated using the following formula. 
  
Daily FTSW =   daily pot weight – final pot weight 
                            Initial pot weight – final pot weight 
 
Where, initial pot weight refers to the weight of a pot at 100 percent water 
holding capacity (WHC), while final pot weight refers to the weight of the same 
pot when the transpiration of stressed plants is almost zero as compared to well-
watered plants (Masinde et al., 2006; Brilli et al., 2007). 
3.7.1 Effect of Rhizobacteria on Plant Growth and Physiology (EXP I)  
 In this experiment, the effect of rhizobacterial inoculation was evaluated 
on the growth of velvet beans.  Pots were filled with 8 kg of sterilized sand. Velvet 
bean seeds were surface sterilized as described previously. Three velvet bean 
(Mucuna pruriens L.) seeds were sown in each pot. After one week, plants were 
thinned to one plant per pot. Plants were fertilized with half-strength Hoagland 
solution to meet the plant nutrient requirements. Inoculum was applied to each 
plant while control plants were treated with uninoculated medium.  All plants were 
irrigated for one week (almost reached the 15 leaves stage). After a week, 
irrigation was stopped and plants were allowed to grow in pots with available 
water. In this way, pots were exposed to severe stress after normal and mild water 
irrigation. Water stress was measured in terms of daily pot weight loss, and 
calculated as FTSW (%) and daily reduction in leaf stomatal conductance. Plants 
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were subjected to physiological analysis regularly. Plant leaves at the start, middle 
and end of drought were used for ethylene and ACC measurements. The plants 
were kept under similar conditions during the experiment until stomatal 
conductance reached zero. After two weeks, stomatal conductance approached zero 
and the plants were harvested. The data relating to the root and shoot length, leaf 
number and biomass were recorded. 
3.7.2 Effect of Rhizobacterial Consortium (Co-Inoculation) on Plant Growth 
and Physiology (EXP plan II) 
In this experiment, pots were used and filled with sterilized sand. Seeds of 
velvet bean were surface sterilized and sown three seeds per pot that were thinned 
to only one plant per pot after germination. For nutrient supply, plants were 
fertilized with 5mL of half-strength Hoagland solution. All plants were divided 
into four groups 
T1.  Un-inoculated watered plants 
T2.  Un-inoculated drought stressed plants 
T3.  Inoculated (consortium) watered plants 
T4.  Inoculated (consortium) drought stressed plants 
A continuous drought stress was applied with same procedure as in the 
previous experiment, Plants were irrigated for 10 – 15 days until they reached at 15 
mature leaf stage. Plants were subjected to continuous stress to assess drought 
effects in various stress stages from mild to severe. At this stage (plant with 15 
mature leaves) irrigation was stopped (in drought treatment) and plants were 
allowed to grow in the available water. Drought stress was measured in term of 
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daily pot weight loss and decline in regular stomatal conductance. In this 
experiment the two most consistent effectual strains based upon the first 
experiment results, were applied together as s bacterial “Consortium”. Plants were 
inoculated with freshly prepared inocula of consortium (containing selected strains 
G9, HS9) to watered and also drought stressed plants. Inoculum was applied at 
seedling stage (week after germination) of plants and second time with the last 
irrigation, prior to start the drought treatment, the same timings were followed for 
inoculated watered treatment. Daily point measurements of gas exchange 
parameters were recorded. During the experimental period three destructive 
sampling (Initially, middle and at the termination of experiment) was performed 
for ethylene and ACC measurements from all treatments. After two weeks when 
stomatal conductance approached zero (in all inoculated and uninoculated drought 
stressed) plants were harvested and measured for root, shoot length and biomass 
parameters. 
3.8 PLANT PHYSIOLOGICAL ANALYSIS 
Effect of water stress and bacterial inoculation were measured to evaluate 
the physiological responses of velvet bean plants. All measurements were carried 
out regularly to analyze the effect of inoculation on velvet bean (Mucuna pruriens 
L.) in response to progressive drought stress. 
3.8.1 Gas Exchange and Photosynthetic Measurements 
Photosynthetic rate, leaf intracellular CO2 concentration (Ci) and stomatal 
conductance were measured with an infrared gas analyzer (Licor 6400XT, Lincoln, 
NE, USA), portable photosynthesis with gas kit and fluorescence light source on 
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leaf cuvette. All system parameters were set and kept stable during the 
measurements. Initial CO2 level was maintained at 390 mg L
-1 with light source at 
1000 PAR. The flow through the IRGA chamber was adjusted at 300 µms. Leaf 
temperature was maintained at 25 0C and relative humidity was managed between 
45% - 55% relative humidity, the CO2 concentration was controlled through 
desiccants and scrubbers present within LiCor box. Fresh air from outside the 
growth chamber was provided to the leaf inside the cuvette during measurement. 
For regular point measurement, fully expanded fresh leaf was enclosed in a 2 x 3 
cm cuvette and kept inside until the photosynthetic rate and stomatal conductance 
rate graph was stable for few seconds. The leaf was removed from cuvette after 
measurements. For accurate measurements, it is preferable to use the same leaf for 
daily point measurements to reduce the error in measurements. All point 
measurements were recorded at least in 5 replicates.  
3.8.2 Ethylene Measurement  
Ethylene was measured from water stressed leaf and root samples in both 
pot experiments (EXP I and II). The rhizobacteria was applied as single strain and 
also in combination to assess their impact in reducing the release of ethylene. First 
pot experiment was performed with individual strains and ethylene was measured 
at the end of drought experiment in all inoculated and un-inoculated plants. In pot 
experiment (II), ethylene concentration was measured at the start, middle and end 
of the experiment, to monitor the variation in ethylene release with the change in 
stress level in the inoculated and un-inoculated plants. An ethylene detector (ETD 
300 by Sensor sesne) was used to measure the ethylene release from leaves and 
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roots. The instrument can measure ethylene release in range of 0-5 ppmv (part per 
million by volume). Measurement time was five seconds with a flow of 0.25 – 5 
liter per hour at the moment the best-achieved sensitivity worldwide (Cristescu et 
al., 2012). The instrument works with a gas handling system that includes mass 
flow controllers and electronic valves to perform switching between various 
cuvettes (up to six) containing biological samples. This detector is a powerful tool 
for continuous on-line measurements for long periods of time. The main advantage 
of laser-based detectors is their high sensitivity and selectivity 
 The fresh leaf samples were taken, immediately weighed, and sealed in 
glass vials with water-saturated filter paper. The glass vials were exposed to fresh 
air for a minute, closed with a rubber septum and sealed by an aluminum ring. 
Samples were incubated for 60 min under illumination providing 100 umol m-2s-1 
PAR. After incubation, samples were collected via needle with a thin pipe inserted 
into vials through the rubber septum to directly transfer the accumulated gas from 
the leaf vial to the detector cuvette. Ethylene detector exhibit results as nano liter 
per hour (nl h-1). Results were further related with recorded leaf weight and 
ethylene release was calculated as nano liter per gram of sample per hour (nlg-1h-1). 
3.8.3 Measurement of ACC Concentration 
To measure ACC concentration in leaves and roots, an in vitro chemical 
conversion of ACC into ethylene was done by following the protocol of Bulens et 
al., (2011). Leaf ACC content was chemically converted into ethylene and 
measured with the ethylene detector. Two gram of leaf sample (stored at -20 ºC) 
was taken and crushed with liquid nitrogen; frozen tissues can be stored at -80 ºC 
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until extraction. For extraction, 4 mL of 5% solution of salfo salicylic acid (W/V) 
was added to the frozen leaf tissues, vortexed until the solution and leaf tissues 
made a homogeneous mixture, and placed 30 min at room temperature for 
complete extraction. The homogenized sample was centrifuged for 10 min at 
3,090×g in a precooled centrifuge at 4°C, and the supernatant was collected in a 
clean tube and frozen.  After the samples were thawed and 1.5ml of extract was 
added to a glass vial. The vial was sealed with septum and aluminium cap and 
amended with 0.4 mL of 10 mM HgCl2 solution was injected. Immediately a 0.2 
ml mixture of the NaOCl- NaOH (2:1, v/v) was injected. The sample was vortexed 
for 5 seconds and left on ice for 4 min, vortexed again for 5 seconds to release all 
produced ethylene inside the vial, and the emissions were analyzed with the 
ethylene detector. In pot experiment #1 the ACC concentration was measured by 
pool sampling from all four inoculated plant samples. ACC content was compared 
between un-inoculated control and a group of all inoculated leaves and root 
samples.   
3.8.4 BVOCs Collection and Analysis 
 BVOCs samples were taken from fresh fully expanded leaves. In pot 
experiments, BVOCs collection was performed three times (1. Watered condition, 
2. Mild stress when stomatal conductance started to decrease, 3. Severe stress 
when stomatal conductance reached zero). Sample collection was conducted with 
LiCor and air pump to take up the volatiles. A fresh fully expanded leaf was 
enclosed in a 6 cm2 gas-exchange cuvette, the leaf was  exposed to a flux of  
synthetic contaminant free air,  comprising  N2,  O2 and  CO2
 in  atmospheric  
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concentrations  (80%,  20%  and  380  µmol mol-1, respectively). Leaf temperature 
was maintained at 30 0C to avoid a temperature influence on BVOCs emission. 
IRGA air flow was adjusted at 300 mol/s and pump air flow was 200ml/min was 
used. Samples were collected when photosynthesis rate and stomatal conductance 
of leaf was in steady state. The volatile sample 3L (in 1st experiment) and 4L (in 
2nd experiment) of volatiles were trapped in specific glass biphasic adsorption 
tubes with Tenax (white in color) and Carboxene (black in color) to adsorb various 
volatiles depending on their weights. Traps were kept on ice during collection and 
stored at 40C till analysis. Volatile traps were analyzed by GC-MS to examine 
complete profile of leaf emission for isoprenoids and non isoprenoids compounds.  
The trapped cartridges were analyzed by gas chromatography - mass 
spectrometry (GC-MS, Agilent Technologies, Wilmington, DE, USA). The GC-
MS was supplied with a Gerstel multipurpose sampler and thermal desorber 
UNITY (Gerstel Inc., Mu¨lheim, Germany), with a HP-INNOWAX capillary 
column (50 m in length, 200 m i.d. and 0.4 m film thickness). The column oven 
temperature was kept at 40ºC for the first 1 min, then increased by 2 ºC min-1 to 60 
ºC, 3 ºC min-1 to 150 ºC, 10 ºC min-1 to 200 ºC, 20 ºC min-1 to 260 ºC  and 
maintained at 260 ºC for 6 min. Helium was used as carrier gas. The concentration 
of each volatile compound was calculated by comparison with the peak area of a 
gaseous standard. The GC-MS was calibrated using cylinders with isoprene 
standards at a concentration of 1 mg L-1, monoterpenes and sesquiterpenes at a 
concentration of 100 ppb (Rivoira, Milan, Italy). The compound identification was 
made using the NIST library provided with the GC/MS ChemStation software 
51 
 
 
 
(Agilent). GC peak retention time was substantiated by analysis of parent ions and 
main fragments on the spectra. 
3.9 ROOT COLONIZATION ASSAY 
The capacity of the selected strains to grow and colonize the velvet bean 
roots under water stress condition were examined with destructive sampling during 
the stress period (Simons et al., 1996). Colony counting was preformed three times 
during the drought period to examine the change in microbial number with time in 
watered and drought conditions. At the time of destructive plant sampling, 
inoculated root samples from both conditions (watered and stressed) were 
collected, air dried and weighed. Roots were homogenized in sterilized distilled 
water to make a rhizospheric soil suspension. The suspension was diluted from 10-1 
- 10-5. Approximately, 250 µl of each suspension was poured and gently spread on 
TSA petri plates. Plates were incubated at 27 ± 1 °C for 24 to 48 hours to grow 
respective colonies. The numbers of well-developed clean colonies were counted 
from each dilution. The CFU mL-1 and CFU g-1 of root weight were calculated. 
3.10 IDENTIFICATION OF SELECTED RHIZOBACTERIAL ISOLATES 
Based on plant growth promoting activity, reduction in ACC and ethylene 
concentration and improvement in plant physiology under drought conditions, two 
most effective rhizobacterial strains (G9 and HS9) were identified by 16S rRNA 
gene analysis. First, bacterial DNA was extracted with E.Z.N.A. centrifuge kit 
(Omega biotech Inc., 2013). The amplification of 16S rRNA gene was performed 
(Dineen et al., 2010) in a total volume of 20 μL containing 2 μl of 10X reaction 
buffer (Polymed, Firenze, Italy), 1.5 mM MgCl2, 10 pmol of each primer [27f, 5’-
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GAGAGTTTGATCCTGGCTCAG, and 1495r, 5’- 
CTACGGCTACCTTGTTACGA] (Invitrogen custom primers by life 
technologies), 0.25 mM of dNTP mix, 2 U of Taq DNA polymerase (Polymed). 
PCR reaction was carried out at 95°C for 1.5 min, 35 cycles consisting of 95°C for 
30 s, the annealing temperature for 30 s, and 72°C for 4 min. The annealing 
temperature was 60°C for the first 5 cycles, 55°C for the next 5 cycles, and 50°C 
for the last 25 cycles. Finally, the mixtures were incubated at 72°C for 10 min and 
then at 60°C for 10 min. 
For sequencing reaction, amplified 16S rRNA fragments were excised from 
1% agarose gel and purified using the QIAquick Gel Extraction (Qiagen). Direct 
sequencing of amplicons was performed with primer 27f and 1495r on an ABI3730 
DNA analyser (Applied Biosystems, Foster City, CA,USA) using the Big Dye 
Terminator Kit. 
The 16S rRNA sequences were matched with nucleotide sequences 
available in GenBank database using the BLAST program (Altschul et al., 1997) 
and MUSCLE. Multiple sequence alignment with high accuracy and high 
throughput was used to align the 16S rRNA sequences obtained with the most 
similar orthologous sequences retrieved from the Ribosomal Database Project 
(Wang et al., 2007; Cole et al., 2014) (RDP; http://rdp.cme.msu.edu/). Database 
alignments were trimmed to eliminate poorly aligned region and used to build 
Neighbor joining dendrograms. Neighbor joining dendrograms were obtained after 
calculation of a Kimura two-parameter distance matrix with the software Mega 5 
(Tamura et al., 2011).  
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3.11 STATISTICAL ANALYSIS 
 In all experiments, statistical analysis (ANOVA, standard deviation) was 
applied to analyze the data set of all treatments. The mean values were compared 
using the least significant difference test (LSD) to establish significant treatment 
effects on results. 
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Chapter 4 
RESULTS 
Plant growth promoting rhizobacteria (PGPR) are considered as a 
biological tool to enhance plant growth and productivity under water stress 
condition. In the current study rhizobacteria were isolated from the rhizosphere soil 
of velvet bean. The most potent isolate were screened on the basis of ACCd 
activity and later on their effectiveness on plant growth was analyzed. The selected 
rhizobacteria was used in pot experiments under water stress condition to evaluate 
their effects on biomass, gas exchanges and release of volatile compounds from 
leaf. Preliminary experiments were conducted in the Environmental Science 
Laboratory, Rawalpindi. The pot experiments were conducted in the Laboratory of 
Institute of Plant Physiology, National Research Center, Firenze, Italy. The results 
of experiments are explained below. 
4.1 ISOLATION AND SCREENING OF RHIZOBACTERIA CONTAINING 
ACCd IN AXENIC CONDITIONS 
Initially 253 rhizobacterial strains were isolated out of which 142 isolates 
showed maximal growth on ACC media. All the isolates were able to grow on 
media containing ACC as sole nitrogen source; however their growth rate was 
checked in ACC containing liquid media. Bacterial biomass were checked through 
optical density after 24 and 48 hours. About 47 isolates showing the highest optical 
density were selected to evaluate their plant growth promoting activity under 
axenic condition (Table: 4.1). The best grown isolates were further secreened for 
their plant growth activity in petri plate root development assay under controlled  
55 
 
 
 
 
Table 4.1: Isolation of ACC-deaminase containing rhizobacteria from different 
rhizosphere soil sample of velvet bean (Mucuna prurien ) 
 
Sites 
Soil 
sample 
Code 
Total 
Isolates 
ACC 
active 
Isolates 
Active isolates 
in ACC 
containing 
liquid culture 
by O.D 
measurement 
Petri 
plate root 
assay 
Rawalpindi R 36 27 (20%) 5 4 
Bahawalpur B 57 27 (20%) 8 5 
Faisalabad F 45 16 (12%) 7 2 
Gujjar Khan G 36 18 (13%) 8 4 
Haripur H 79 54 (40%) 19 6 
Total  253 142 47 21 
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condition. Seedlings were checked after a week of incubation and   results showed 
a significant increase in velvet bean seedling upon incoculation with each selected 
rhizobacterial strain as compared to un-inoculated control. Based on root 
development 21 isolates were picked to evaluate their effect on overall plant 
growth under watered and stressed conditions. 
4.2 EFFECT OF RHIZOBACTERIA ON THE GROWTH OF 
VELVET BEAN UNDER CONTROLLED CONDITIONS 
On the basis of rhizobacterial screening, 21 best perfomed were preferred 
to use in jar trials to evaluate their potency to promote velvet bean plant growth 
under axenic condition. 
4.2.1 Jar Experiment with Well Water 
Selected rhizobacteria were found effectual to promote overall plant growth 
(Table 4.2) especially the root extension and elongation of velvet bean plants in 
sand culture. The highest root length was obtained with isolate HS9 showed 
significant increase, which was 35% greater than un-inoculated plants. Overall 
from 21 rhizobacteria, five isolates (G4, G9, H6, H38 and HS9) performed best 
and brought maximal increase in root length (18% to 35%) over un-inoculated 
plants. A similar trend was observed in case of the number and length of lateral 
roots, rhizobacteria w9ith ACCd activity increased the number and extension 
length of lateral roots. The maximum number and length of lateral roots (7, 97cm) 
was observed with inoculation of F6 which is a 40 % increase in the number of 
lateral roots and 90% increase in length of total lateral roots over un-inoculated 
plants. In this parameter isolates H38, G9, BS10 and A11 performed best with  
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Table 4.2: Effect of rhizobacterial isolates on plant growth of velvet bean in the jar 
experiment under well water conditions 
  
Root Length 
(cm) 
Root 
Weight 
(g plant-1) 
No. of 
Lateral 
Roots 
 
Lateral root 
length 
(cm) 
Shoot 
Length 
(cm) 
Shoot 
Weight 
(g plant-1) 
Isolate Mean± S.Da Mean± S.D Mean± S.D Mean± S.D Mean± S.D Mean± S.D 
Control 17.20± 2.6 0.07±0.01 5±0.5 51.67±6.8 50.00±9.8 0.23±0.023 
D7 15.23± 2.3 0.10±0.02 7±2.3 83.70±23.8 71.67±20.9 0.35±0.07 
A11 19.67± 1 0.11±0.03 5±1.0 79.17±14 57.10±16.4 0.26±0.06 
A18 19.33± 1.3 0.08±0.01 6±0.5 85.17±6 63.67±4.0 0.29±0.01 
A45 19.17± 2.3 0.11±0.04 7±1.5 87.17±13.6 58.50±17.4 0.29±0.05 
F32 17.00± 1.8 0.11±0.02 6±0.0 82.50±10.1 59.67±3.4 0.27±0.02 
B2 19.00± 2.7 0.10±0.01 5±0.9 71.67±13.4 71.17±10.9 0.39±0.05 
F6 18.50± 1.1 0.10±0.01 7±0.9 97.83±11.5 58.67±12.2 0.30±0.07 
G4 20.83± 0.6 0.09±0.0 5±1.0 84.83±25.9 74.33±13.5 0.35±0.05 
BS10 16.83± 1.4 0.10±0.02 7±1.8 83.00±31.8 76.00±17.8 0.31±0.08 
A 26 13.00± 2.1 0.10±0.02 7±1.3 79.00±26.2 69.33±7.4 0.30±0.02 
B9 19.17± 1.8 0.09±0.01 7±1.7 92.33±8.5 64.00±6.3 0.35±0.01 
G5 20.00± 2.9 0.10±0.00 5±1.0 80.83±24.4 56.00±7.0 0.34±0.1 
G9 20.00± 3.1 0.13±0.03 6±1.0 87.67±17.7 79.00±15.4 0.35±0.04 
H6 20.00± 1.1 0.12±0.02 5±0.5 85.83±10.2 77.33±8.5 0.32±0.05 
G28 17.00± 2.0 0.13±0.05 5±1.3 66.67±15.4 71.83±17.0 0.35±0.00 
G26 17.67± 0.2 0.08±0.01 4±0.0 73.83±7.8 67.50±8.5 0.26±0.01 
H9 19.17± 0.6 0.16±0.05 5±0.5 79.00±21.3 74.50±27.1 0.37±0.09 
Hb10 19.00± 1.8 0.09±0.02 3±0.9 57.00±7.4 53.83±11.5 0.29±0.05 
H38 20.67± 2.2 0.09±0.02 6±1.5 85.67±15.4 74.50±11.9 0.36±0.04 
HS9 23.17± 1.4 0.13±0.02 5. ±0.5 83.33±4.3 71.17±10.7 0.35±0.02 
aStandard deviation 
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20-40% increase in number and 70 – 90% increase in extension over un-inoculated 
roots. Selected rhizobacteria increased the root biomass. Isolate G9 and HS9 
showed considerably increased root dry weight that was 85% more than un-
inoculated root dry weight. Moreover H6, F32, A11 and A45 also increased the 
root weight by 57–80% as compared to control plants.  
Inoculated rhizobacterial strains caused a prominent rise in shoot length 
and biomass. All isolates enhanced the shoot length, however the highest increase 
was observed in plants inoculated with G9 inoculated plants, which was 59% more 
than un-inoculted plants. Among other strains HS9, H6, H38 and G4 were best 
with 42–54% increase in shoot length in comparison to un-inoculated plants. 
Similarly the shoot biomass results showed that inoculation caused a 12 % increase 
with H38 isolate and almost the similar increase was observed with G4, G9 and 
HS9 inoculation over un-inoculated plants.  
4.2.2 Jar Experiment with Water Stress 
Based on the results of jar experiment under watered condition, the best 
five isolates improving plant growth were selected and further evaluated for their 
ability to improve growth of velvet bean under water deficit conditions. The 
detailed effect of selected PGPR isolates on velvet bean plant growth under water 
deficit conditions is summarized in Table 4.3. Results showed that inoculation 
significantly supported the plant growth under a water limited situation. Although 
all isolates enhanced root growth, but the maximum increase was exhibited by 
strain H38 (33 % increase over un-inoculated plants), the other four isolates caused 
a 16%–28% increase in root length over un-inoculated plants. Likewise,  
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Table 4.3:  Effect of selected rhizobacteria with ACCd on the growth of velvet 
bean under stress conditions 
 
Isolate 
Root Length 
cm 
Root Weight 
gm 
No of Lateral 
Roots 
Shoot Length 
cm 
Shoot Weight 
gm 
Mean± S.D Mean± S.D Mean± S.D Mean± S.D Mean± S.D 
Control 18.2ea 0.20d 6 d 31.8c 0.50d 
G4 21.8d 0.29ab 6 c 63.7ab 0.67c 
G9 23.2b 0.30a 7 a 62.3b 0.77a 
H6 22.8bc 0.28b 6 b 62.0b 0.73b 
H38 24.0a 0.26c 6 d 62.3b 0.73b 
HS9 23.5ab 0.30a 7 a 66.8a 0.80a 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05).  
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inoculation improved the root biomass under stressed conditions, rhizobacteria 
HS9 and G9 increased root dry weight. The best level was 50% increase over un-
inoculated stressed plants, the remaining three isolates showed almost a 30% -40 % 
increase in root biomass.  
 Inoculation also supported the shoot length and biomass under stressed 
conditions. There was almost a 100% increase in shoot length observed with HS9 
inoculation over the un-inoculated control. The responses of the other four isolates 
were also found to be similar with a 93–99% significant increase in comparison to 
control plants. Similarly, inoculation with ACCd containing bacteria was very 
effective at increasing the shoot dry weight, a maximum 60% increase was 
obtained with inoculation by HS9 compared to un-inoculated control plants, 
followed by strain G9, and H6 and H38 of averaged shoot dry weight.  
4.3 EFFECT OF SELECTED RHIZOBACTERIA ON THE PHYSIOLOGY 
(GAS EXCHANGE) AND GROWTH OF VELVET BEAN UNDER WATER 
STRESS (Pot Experiment 1) 
 To assess the ability of ACCd active to improve root architecture, plant 
physiology and biomass was carried out in a pot experiment under continuous 
water stress conditions. Four best performing rhizobacteria in the jar experiment 
were selected for this purpose. The pot experiment was carried out in a plant 
growth chamber at the Institute of Plant Protection, National Research Center (IPP-
CNR) Firenze, Italy, where velvet bean plants were subjected to water stress with 
inoculation.  
4.3.1 Plant Growth 
61 
 
 
 
The capability of ACCd active rhizobacteria to increase plant growth and 
biomass was examined with continuous water stress conditions in four different 
inoculated and one un-inoculated plant group. Plant growth and biomass presented 
in Fig. 4.1 and 4.2 revealed the benefit of rhizobacterial inoculation to all over 
plant growth. Inoculated plants showed significant 31% increase (p < 0.05) in 
shoot length compared to un-inoculated plants in water stress conditions. Although 
all isolates performed well at promoting growth in comparison to un-inoculated 
plants, the effect was statistically non-significant difference among all four strain 
treatments. Among all strains G9 or HS9 gave the maximum increase in shoot 
length (30%) and (25%) respectively. All the isolates were significanty different 
from the un-inoculated control; however they were statistically at par with each 
other. Parallel to shoot response, root growth was also an important plant growth 
parameter for overcoming water stress conditions. The effect of different ACCd 
containing rhizobacteria on velvet bean root growth under induced water stress 
(Fig. 4.1) indicated that inoculation promoted root growth relative to un-inoculated 
plants. The maximum root length was recorded for plants inoculated with isolate 
HS9, showing a significant increase of 30% than the un-inoculated control. The 
other three isolates (G4, G9 and H38) also improved root growth; however the 
difference was not significant compared to the un-inoculted control. ACCd 
containing rhizobacteria improved leaf number in water stress conditions. All 
evaluated rhizobacterial isolates showed significant increase of leaf number in 
comparison to un-inoculated plants. Maximum leaf number was counted in G4 
inoculated plants, 45% more than un-inoculated plants under water stress. 
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Fig. 4.1: Comparison of average shoot length, root length and leaf number of 
control and inoculated plants Verticle bars on each point represents the standard 
deviation above and below the mean. Means sharing the same letter(s) in a 
coloumn do not differ significantly according to least significant difference test 
(P<0.05) 
b 
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Fig. 4.2: Comparison of average root and shoot dry weight of control and 
inoculated plants. Verticle bars on each point represents the standard deviation 
above and below the mean. Means sharing the same letter(s) in a coloumn do not 
differ significantly according to least significant difference test (P<0.05)
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Rhizobacterial effectiveness was evaluated by the plant biomass production, 
indicated by shoot and root dry weight of inoculated and un-inoculated plants. All 
ACCd active rhizobacteria significantly enhanced the plant biomass under induced 
water stress conditions. The most effective isolates, G9 and HS9, enhanced the root 
dry weight by 103% and 89%, respectively and shoot dry weight by 75% and 70%, 
respectively.  
4.3.2 Plant Physiology 
The influence of ACCd containing rhizobacteria was evaluated on plant 
daily physiological responses to drought stress. Daily plant physiological response 
was recorded in terms of stomatal conductance, photosynthesis, leaf internal CO2 
(Ci) and calculated mesophyll conductance. . The daily changes in stomatal 
conductance are presented in Fig. (4.3). All the inoculated and un-inoculated plants 
were statistically similar water stress conditions and stomatal conductance were 
not influenced by rhizobacterial inoculation. At the start of the drought period all 
inoculated and un-inoculated plants showed high stomatal conductance indicating 
well watered conditions for plant activities. With drought stress, stomatal 
conductance of all inoculated and un-inoculated plant decreased to reduce 
transpiration. From the middle stage (FTSW 60-50%) of induced drought all 
inoculated plants showed significant reduction in the rate of stomatal conductance 
compared to the un-inoculated plants, although the difference was not significant. 
After 10 days of drying, stomatal conductance of un-inoculated plants was greater 
than inoculated plants which approached 0.01 mmol m-2s-1. Under mild stress the 
G4 inoculated plants show slightly higher stomatal conducatnce; however 
generally stress resistance did not result from inoculation in severe stress.  
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Fig. 4.3: Changes in Stomatal conductance in inoculated (G4, G9, H38, HS9) and 
un inoculated velvet bean under drought stress. Verticle bars on each point 
represents the standard deviation above and below the mean, at some point 
deviation is too low so bars are invisible.  
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Stomatal conductance is directly related with photosynthesis, conductance 
of gases through leaf compartments influence photosynthesis rate in plants. 
Photosynthesis variation in the drought period is presented in Fig. 4.4. The trend 
was similar to that of stomatal conductance. Initially the carbon assimilation rate 
was near to 9µmol m-2s-1 in all inoculated and un-inoculated plant groups. Further 
photosynthesis continuously decreased with soil drying. From mild to severe stress 
(FTSW<20%), photosynthesis of G4 and G9 augmented plant groups had a higher 
photosynthetic rate than un-inoculated stressed plants. The inoculated groups, H38 
and HS9, had lower photosynthesis than the inoculated plants, although the 
differences were not statistically significant (p < 0.05). Rhizobacteria support 
photosynthesis in mild stress (FTSW 60 – 50%) but not in extreme conditions 
(FTSW <20%) when stomatal conductance reached zero. In severe conditions, 
photosynthesis of the un-inoculated group was higher at day 7 (FTSW <20%) and 
than all inoculated plant group  for G4, G9, H38 and HS9 respectively at FTSW 
day 7) while at the last day all plant groups exhibited the same low photosynthetic 
rate.  
The trend of all inoculated and un-inoculated plants for intercellular CO2 
(Ci) was slightly different from photosynthesis and stomatal conductance. From 
the initiation of drought period till a mild stage of drought (FTSW 60 – 50 %). 
Intercellular CO2 of all plant groups remained steady and ranged from 225 to 
285µmol m-2 s-1. At the severe drought conditions the Intercellular CO2 of the 
inoculated groups G4, G9 and H38 was higher (p < 0.05) than un-inoculated plants 
(Fig, 4.5).  
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Fig. 4.4: Changes in Photosynthesis in inoculated (G4, G9, H38, HS9) and un 
inoculated velvet bean under drought stress. Verticle  bars on each point represents 
the standard deviation above and below the mean, at some point deviation is too 
low so bars are invisible.  
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Fig. 4.5: Changes in Internal CO2 (Ci µ mol mol
-1) in inoculated (G4, G9, H38, 
HS9) and un inoculated velvet bean under drought stress. Verticle bars on each 
point represents the standard deviation above and below the mean.  
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4.3.3 Ethylene Release and ACC Concentration 
Ethylene release from leaves and roots significantly (p< 0.005) decreased 
in all inoculated plants (Fig. 4.6 and 4.7). Maximum percent reduction (72%) of 
leaf ethylene was detected by H38 inoculated plants followed by strains G9 and 
HS9 (47% and 65%). Similar significant (p< 0.005) results were obtained from 
roots of stressed inoculated plants. Plants inoculated with G9 isolate emitted 72% 
and 25% less ethylene by G9 and HS9 isolate treated plants respectively. 
  Based on the results of ethylene released by leaves and roots where no 
significant difference was observed in all inoculated plants, the ACC concentration 
was measured through compound sampling of all inoculated plants and results are 
presented in Fig. 4.8. Leaf and root ACC concentration was significantly (p< 0.05) 
lower in stressed inoculated plants. The inoculated leaves had less than 45% of the 
ACC concentration relative to un-inoculated leaves under stressed condition. 
Likewise, inoculated root samples showed a 43% decrease in ACC concentration 
compared to un-inoculated plants.  
4.3.4 BVOCs 
The release of biogenic volatile organic compounds was examined under 
water stress condition in response to rhizobacterial inoculation. The isoprene 
emission upon rhizobacterial inoculation was pronounced compared to all other 
volatile compounds (Fig 4.9). The pie charts represent the percentage composition 
and variation in isoprene emission during the drought period. Isolates HS9 and 
H38 decreased isoprene emission with increase in drought stress. More than 50% 
decrease was observed upon inoculation with isolates HS9 and H38 as compared to
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Fig. 4.6: Leaf ethylene (nl g-1 h-1) release from inoculated (G4, G9, H38, HS9) and 
un-inoculated plants in water stressed conditions. Verticle bars on each point 
represents the standard deviation above and below the mean. Means sharing the 
same letter(s) in a coloumn do not differ significantly according to least significant 
difference test (P<0.05) 
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Fig. 4.7: Root ethylene (nl g-1 h-1) release from inoculated and un-inoculated plants 
in water stressed conditions. Verticle bars on each point represents the standard 
deviation above and below the mean. The mean sharing the same letter(s) in a 
coloumn do not differ significantly according to least significant difference test 
(P<0.005) 
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Fig. 4.8: Comparison of ACC (n mol g-1) concentration among leaves and roots of 
un-inoculated and inoculated stressed plants. Verticle bars on each point 
represents the standard deviation above and below the mean. The mean sharing 
the same letter(s) in a coloumn do not differ significantly according to least 
significant difference test (P<0.005) 
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Fig. 4.9: Change in Isoprene emission at various drought stages from inoculated 
and control plants under water stress conditions (Initial= maximumstomatal 
conductance value FTSW 100 – 80%, Middle=stomatal conductancestart to 
decline FTSW 60 – 00%, End=stomatal conductancenear to zero FTSW < 20%) 
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the un-inoculated plants under stress. However, the other two isolates behaved in 
contrary manner and increased in isoprene emission with drought. Beside isoprene 
other isoprenoids were analyzed (Tab. 4.4 a, b, c, d) i.e. α-pinene, Limonene, O-
cimene and Linalolo. There was no obvious effect of inoculation on general 
isoprenoids except that the emission of Linalolo increased with drought period.  
4.4 CHARACTERIZATION OF SELECTED RHIZOBACTERIA  
Based on the results of the pot experiment regarding velvet bean growth, 
physiology, ACC concentration and ethylene release the most effectual stains were 
selected for characterization. The selected starin were tested to prepare a better 
consortium combination for second pot experiment. Isolates were primarily 
classified on the basis of gram reaction as positive and negative isolates. The 
selected rhizobacteria possessed ACCd activity, which was confirmed with in vitro 
ACCd activity analysis (Table. 4.5). Maximum in vitro ACCd metabolism was 
carried out by isolate HS9, followed by G9. The rhizobacterial strains also had 
auxin production ability measured in terms of indole acetic acid (IAA) equivalents, 
which was increased with L-TRP application. Maximum IAA was produced by 
HS9 which increased upon application of L-TRP. None of the selected isolate 
antagonize a second isolate, thus any good combination could be established in the 
consortium to analyze their synergetic affect. 
4.4.1 Classical Triple Response  
 Classical triple response is a useful bioassay indicator to assess the effect of 
various ethylene concentration on young seedling growth (Shaharoona et al., 
2006).  
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Table 4.4a: Change in Isoprenoids (α-PINENE) emission at various drought stages 
from inoculated and control plants under water stress conditions.  
α-PINENE nmol m-2s-1 FTSW% 100-80 FTSW% 60-50 FTSW% < 20 
Un-Inoculated -2.06da 5.47ab -6.65b 
G4 -0.44bc 4.47b -5.76b 
G9 -0.64c 6.09a 35.38a 
H38 -0.12a 1.37c -6.27b 
HS9 0.56bc 5.55ab -5.14b 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05). 
 
Table 4.4b: Change in isoprenoids (LIMONENE) emission at various drought 
stages from inoculated and control plants under water stress conditions.  
LIMONENE nmol m-2s-1 FTSW% 100-80 FTSW% 60-50 FTSW% < 20 
Un-Inoculated -14.89ba 2.80a -4.02d 
G4 -14.19b 0.60c 0.38b 
G9 -14.29b 2.65a -0.77c 
H38 -14.55b 1.47b -4.80d 
HS9 -13.65a 0.24d 1.53a 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05). 
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Table 4.4c: Change in isoprenoids (O-CIMENE) emission at various drought 
stages from inoculated and control plants under water stress conditions.  
O-CIMENE nmol m-2s-1 FTSW% 100-80 FTSW% 60-50 FTSW% < 20 
Un-Inoculated -7.54ba 1.71a -0.08c 
G4 -7.54b -0.27b 0.47b 
G9 -5.87a -1.14c -0.48d 
H38 -7.54b -1.91c -0.51d 
HS9 -7.54b -0.52b 1.31a 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05). 
 
Table 4.4d: Change in isoprenoids (LINALOLO) emission at various drought 
stages from inoculated and control plants under water stress conditions.  
LINALOLO nmol m-2s-1 FTSW% 100-80 FTSW% 60-50 FTSW% < 20 
Un-Inoculated -1.10da 3.04a 8.94ab 
G4 0.09c 1.48c 6.32c 
G9 1.40b 1.72b 9.93a 
H38 2.33a 1.47c 6.38c 
HS9 1.92ab 1.63b 8.19b 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05). 
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Table: 4.5: Characterization of selected plant growth promoting rhizobacterial 
strains from velvet bean 
Isolate 
Gram 
Test 
ACC-deaminase 
activity (α-
ketobutyrate nmol 
mg-1 biomass hr-1) 
IAA (mg L-1) 
Quantitation 
Antagonism 
Without 
L-TRP 
With L-
TRP 
G9 + 299aa 3.05b 6.10a b+ H38 & HS9 
H38 - 294b 2.01c 3.5b + G9 & HS9 
HS9 - 331a 3.85a 7.60a + H38 & G9 
 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05). 
b These isolates can positively grow together 
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4.4.1.1 Induction of classical “triple” response in pea through ACC 
To analyze the ACC (ethylene precursor) effect, a classical triple response 
was carried out on pea seedlings. The overall seedling length and stem diameter of 
the etiolated pea seedlings was affected by increasing levels of ACC concentration 
(Table. 4.6). Maximum reduction of root/shoot length over control was observed at 
5 mM L-1 (Table 4.6). However the shoot diameter increased with increase in ACC 
concentration. 
4.4.1.2 Suppression of classical triple response through inoculation with 
rhizobacteria containing ACCd  
The potential of selected ACCd containing isolates to reduce the triple 
responses of ethylene on pea seedlings was studied. The highest ACC 
concentration 5 mM L-1 was used as an exogenous application in control seedlings 
(Table. 4.7). Selected ACCd containing isolates significantly reduced the typical 
triple responses of seedlings. Inoculation caused an increase in seedling length 
both in root and shoot, although a decrease was observed in the shoot diameter 
ofetiolated pea seedlings compared to the un-inoculated ACC control. The 
maximum elongation in shoot length (32%) and root length (100%) was recorded 
with isolate HS9, while almost (280%) reduction was observed in shoot diameter. 
4.5 CO-INOCULATION EFFECT ON GAS EXCHANGE AND GROWTH 
OF VELVET BEAN UNDER WATER STRESS CONDITIONS (Pot 
Experiment II) 
                   On the basis of jar experiments and growth promoting characteristics, 
two strains, G9 and HS9, were selected for further pot experiments. Plant growth 
gas exchange and release of secondary compounds in velvet bean were examined   
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Table 4.6: Classical “triple” response of etiolated pea seedlings at different ACC 
concentrations (mM) 
ACC 
concentrations 
Shoot Length 
(cm) 
Shoot Diameter 
(cm) 
Root Length (cm) 
No ACC 5.11aa 0.53c 5.33a 
2 mM ACC 4.12ab 1.03b 3.48bc 
4 mM ACC 3.14b 1.74a 3.88b 
5 mM ACC 1.13c 2.09a 3.30c 
 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05). 
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Table 4.7: Comparative effect of ACCd active rhizobacterial inoculation on 
etiolated pea seedlings in the presence of 5 mM ACC 
aMean sharing the same letter in a column donot differ significantly according to 
Least Significant Difference test (P<0.05). 
 
 
5 mM ACC 
Shoot Length 
(cm) 
Shoot Diameter 
(cm) 
Root Length 
(cm) 
ACC only 1.40da 1.99a 1.08c 
ACC + G4 1.60bc 0.60bc 1.92ab 
ACC + G9 1.57c 0.80b 1.75b 
ACC + H6 1.68b 0.77bc 1.93ab 
ACC + H38 1.77ab 0.57c 2.0a 
ACC + HS9 1.85a 0.51c 2.17a 
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under well watered and stressed conditions. The experiment with co-inoculation 
under drought stress was also carried out in a plant growth chamber (IPP-CNR).  
4.5.1 Plant Growth 
 Shoot weight, root weight and total biomass were studied to check the plant 
growth promotion activity of the selected strains (G9 and HS9).  
4.5.1.1 Shoot weight 
The ACCd active rhizobacterial effects on shoot biomass of co-inoculated 
and un-inoculated plants are presented in Fig. 4.10. Co-inoculation enhanced shoot 
weight of velvet bean under well watered and water stressed condition. After one 
week of drought (FTSW 60 – 50%), the un-inoculated plants showed a decrease 
(12%) in shoot weight, while co-inoculated stressed plants showed a 30% increase 
over un-inoculated plants. In the case of the well watered conditions, a 15% 
increase in shoot biomass was observed in co-inoculated plants relative to un-
inoculated plants. Similar increasing growth pattern was observed in severe stress 
conditions. Shoot biomass of co-inoculated plants was significantly increased by 
25% compared to un-inoculated plant under severe stress (FTSW <20%).  
4.5.1.2 Root weight 
The effect of rhizobacterial co-inoculation on root weight was examined as 
a determinant factor for plant growth (Fig. 4.11). Co-inoculation enhanced the root 
weight during the drought period compared to the un-inoculated plants under well 
watered and stressed condition till the end of the experiment. In the first week of 
the experiment, co-inoculated plants exhibited 43% to 78% increase in root weight
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Fig.4.10: Change in shoot weight of co-inoculated and un-inoculated plants under 
well water and continuous water stress conditions during experiment. Verticle bars 
on each point represents the standard deviation above and below the mean. The 
mean sharing the same letter(s) in a coloumn do not differ significantly according 
to least significant difference test (P<0.05) 
(IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered) 
 
a 
b 
83 
 
 
 
 
 
Fig. 4.11: Change in root weight of co-inoculated and un-inoculated plants under 
well water and continuous water stress conditions during experiment. Verticle bars 
on each point represents the standard deviation above and below the mean. The 
mean sharing the same letter(s) in a coloumn do not differ significantly according 
to least significant difference test (P<0.05)  
 (IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered) 
 
c 
d 
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compared to un-inoculated plants. However in the middle of the stress stage 
(FTSW 60 – 50%), a significant decline (p<0.05) in root weight was observed in 
un-inoculated stressed plants.The comparison, co-inoculation facilitated plant root 
weight under water stressed condition and subsequently showed a 31% increase 
over un-inoculated roots. Similar results were obtained in well watered conditions 
where co-inoculation caused a significant increase (50 %) in root weight over un-
inoculated plants. The impact of con-inoculation was more pronounced at the last 
stage of experiment (severe drought). Co-inoculation reduced the inhibitory effect 
of drought and enhanced the plant root weight (82%) under stressed conditions. A 
similar effect was noted under well watered conditions; co-inoculation enhanced 
root weight by 56% over un-inoculated plants.  
4.5.1.3 Total Biomass 
 
Total biomass is a cumulative parameter for above and below ground plant 
parts that was positively influenced by ACCd active rhizobacteria (Fig. 4.12). Co-
inoculated plants exhibited a 18% to 42% increase in plant total biomass compared 
to un-inoculated plants under well watered and stressed conditions.Total biomass 
in co-inoculated plants was 30% greater than un-inoculated plants during the 
middle stage (FTSW 60 – 50%) of the water stress experiment (when stomatal 
conductance started to decline). Similarly, a significant increase in total biomass 
was recorded under well watered conditions. Un-inoculated plants showed a 
decline in biomass, while co-inoculated plants exhibited significantly (40%) higher 
biomass. Likewise, a prominent improvement in biomass (20%) was obtained in 
well watered co-inoculated plants compared to un-inoculated plants. 
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Fig. 4.12: Change in total biomass of co-inoculated and un-inoculated plants under 
well water and continuous water stress conditions during experiment. Verticle bars 
on each point represents the standard deviation above and below the mean. The 
mean sharing the same letter(s) in a coloumn do not differ significantly according 
to least significant difference test (P<0.05) 
 (IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered)  
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4.5.2. Plant Physiology 
Water stress is an inhibitory factor for plant physiological responses which 
cause reduction in leaf conductance and plant biochemical processes. Different 
physiological responses were observed in velvet bean plant during the experiment.  
4.5.2.1. Stomatal Conductance 
 
Daily comparative stomatal conductance measurement indicated no 
significant difference in co-inoculated and un-inoculated plant groups in the first 
week of the experiment (Fig. 4.13) and exhibited conductance rate ranged between 
0.17 – 0.23 mol m-2 s-1. In the second week of the experiment (FTSW 60 – 50%), 
decline in stomatal conductance  was observed, but difference among treatments 
remained non-significant. The conductance of both inoculated and un-inoculated 
plant in well watered conditions remained constant and non-significant during the 
experiment. However, in stressed plants the stomatal conductance showed a 
continuous decreasing trend with prolong stress conditions. In severe drought 
(FTSW <20%) a significant difference was observed between co-inoculated and 
un-inoculated plants. Co-inoculated stressed plants showed 97% higher stomatal 
conductance rate compared to un-inoculated plants.  
4.5.2.2. Photosynthesis 
Photosynthetic rate was also monitored during the study. Initially, similar 
patterns were observed in all plant groups and maximum carbon assimilation was. 
Photosynthetic rate of stressed plants showed an inverse relation- 
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Fig. 4.13: Change in stomatal conductance of co-inoculated and un-inoculated 
plants under well water and water stressed conditions. Verticle bars on each point 
represents the standard deviation above and below the mean, at some point 
deviation is too low so bars are invisible. 
 (IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered)  
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Fig. 4.14: Change in Photosynthesis of co-inoculated and un-inoculated plants 
under well water and water stressed conditions. Verticle bars on each point 
represents the standard deviation above and below the mean, at some point 
deviation is too low so bars are invisible.  
(IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered)  
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-ship with drought period (Fig. 4.14). In moderate stress (FTSW 60-50%), both 
plant groups showed non-significant decrease in photosynthesis ranging from 7 – 8 
mol m-2 s-1. In severe drought conditions (FTSW<20%), a sharp decline was 
observed in un-inoculated stressed plants. Photosynthesis rate of co-inoculated 
plants also decreased but remained significantly higher than un-inoculated plants at 
the end of experiment. Co-inoculated plants showed a 43% increase in assimilation 
rate over the control plants. Similar to conductance co-inoculation encouraged 
plant photosynthesis rate under severe water stress conditions and exhibited 
assimilation rate, even when the un-inoculated plants stopped conductance and 
assimilaition of carbon through photosynthesis. 
4.5.2.3 Internal Carbon Dioxide 
Impact of ACCd active rhizobacterial inoculation on internal carbon 
dioxide concentrtion is presented in Fig. 4.15. It showed non-significant difference 
of internal carbon dioxide among all inoculated and un-inoculated plants of both 
water regimes. All plants showed a maximum value of Ci till the medium stage of 
water stress. At severe stress stage (FTSW <20%) a decrease in internal carbon 
dioxide of stressed plants was observed and there was significant difference of 
internal carbondioxide between co-inoculated and un-inoculated plants. 
4.5.2.4 Transpiration 
Transpiration (Fig. 4.16) showed the similar pattern as other physiological 
responses. The transpiration rate remained almost similar  in all plant groups till 
the middle of the drought stage. Under the maximum drought condition 
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Fig. 4.15: Change in Internal carbon dioxide Ci of co-inoculated and un-inoculated 
plants under well water and water stressed conditions. Verticle bars on each point 
represents the standard deviation above and below the mean, at some point 
deviation is too low so bars are invisible.  
(IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered)  
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Fig. 4.16: Change in transpiration rate of co-inoculated and un-inoculated plants 
under well water and water stressed conditions. Verticle bars on each point 
represents the standard deviation above and below the mean, at some point 
deviation is too low so bars are invisible. 
(IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered)  
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stress caused a decrease in transpiration rate in both co-inoculated and un-
inoculated plants. However, under severe stress conditions, the transpiration rate of 
co-inoculated plants was significantly higher (70%) than un-inoculated plants.  
4.5.2.5 Ethylene Release 
 The ACCd active rhizobacterial effects on ethylene emission from leaves 
and roots in stressed and well watered conditions are in Table: 4.8 a & b. 
Rhizobacteria significantly reduced ethylene release from leaves and roots. At the 
initial stage of the experiment there was no significant effect of co-inoculation on 
ethylene release between co-inoculated and un-inoculated plants. In the middle 
stage of drought stress, co-inoculated stressed plants released less ethylene (41%) 
than from un-inoculated stressed plants. 
Plant growth promoting rhizobacteria were also effective in well watered 
conditions and emitted less ethylene than un-inoculated well watered plants. The 
most prominent results were found at the severe stressed conditions where co-
inoculation caused more than a 55% decrease in ethylene release under water 
stressed conditions compared to the un-inoculated plants. In well water conditions, 
there was approximately 200% reduction in ethylene release upon co-inoculation 
compared to un-inoculated plants. Complementary results were found in the case 
of root ethylene emission in both water conditions. High root ethylene level 
inhibits root growth in all conditions, inoculation supported plant root growth and 
reduced the high ethylene release. In the middle of stress (FTSW 60- 50%) co- 
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Table 4.8a: Change in leaf ethylene emission (nl g-1 h-1) of co-inoculated and un-
inoculated plants under well water and water stress conditions during experiment  
 Treatment FTSW (100-80%) FTSW (60–50%) FTSW (<20%) 
IS 1.10 b 0.70 b 0.18 c 
US 0.80 c 0.99 a 0.28 b 
 Treatment Well-watered 
IW 1.60 a 0.29 c 0.26 b 
UW 1.86 a 1.28 a 1.14 a 
 
Table 4.8b: Change in root ethylene emission (nl g-1 h-1) of co-inoculated and un-
inoculated plants under well water and water stress conditions during experiment  
Treatment FTSW (100-80%) FTSW (60–50%) FTSW (<20%) 
IS 0.66 a 0.07 d 0.05 c 
US 0.24 b 0.13 c 0.11 b 
 Treatment Well-watered 
IW 0.50 a 0.34 a 0.32 a 
UW 0.21 b 0.22 b 0.35 a 
The mean sharing the same letter(s) in a coloumn do not differ significantly 
according to least significant difference test (P<0.005).  
 (IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered)  
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inoculated roots emitted 85% less ethylene than un-inoculated stressed plants. 
Rhizobacterial effect was also observed in well watered plants where co-inoculated 
well water plants emitted less (55%) etylene, during the experiment. In severe 
stress conditions (FTSW <20%) inoculation effect become more remarkable and 
significantly reduced the ethylene release in stressed and well water plants 120% 
and 20% respectively. 
4.5.2.6 ACC Concentration 
Ethylene is synthesized from its chemical precursor ACC, which is formed 
with a specific enzyme ACC synthase and then readily converted into ethylene 
with the enzyme ACC oxidase. The effect of ACCd active rhizobacteria was 
analyzed on leaf and root ACC concentration under stressed and well water plants 
(Table. 4.9 a & b). The ACC concentrations showed similar trends as that of 
ethylene release. No significant difference was found in initial stages of the 
experiment when all plants were in well watered conditions. During the middle of 
drought stress, the lowest leaf and root ACC concentration in co-inoculated plants 
of stressed and well watered condition was recorded. However the difference was 
not significant compared to un-inoculated plants.  
Moreover, at the extreme drought condition (FTSW<20%), leaf ACC 
concentration of co-inoculated plants was significantly reduced (100%) compared 
to un-inoculated stressed plants. Similarly inoculation showed positive effects in 
well watered condition. A 110% decrease was observed over un-inoculated well 
watered plants, Inoculation influence the ACC concentration inside the plant root. 
Root ACC concentration of inoculated plants was also less than un-inoculated 
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plants; however, the difference was not significant in stressed roots compared to 
the un-inoculted control. 
4.5.2.7 Biogenic Volatile Organic Compounds 
Biogenic volatile compounds were analyzed at the initial, middle and at the 
end of drought stress (FTSW= 100-80%, 60-50% and >20% respectively). Data 
regarding isoprene (nmol m-2 sec-1) is presented in Table. 4.10. Isoprene emission 
increased as drought stress became severe. Both co-inoculated and un-inoculated 
plants in well watered conditions released less isoprene compared to stress plants 
in the experiment. However the stressed plants (exposed to continuous stress) 
exhibited different emission responses at different stress stages in the experiment 
period.  
The stressed plants released more during the initial drought period. 
Maximum emissions of stressed plants were measured in the middle of drought 
when stress was medium. At the end of the experiment, when stress became 
severe, isoprene emission was inhibited and sharply decreased in stressed plants. 
Isoprene emission was reducedin both plant groups. However, co-inoculated plants 
showed higher emission in response to stress condition. The data of the remaining 
prominent isoprenoids presented in Table .4.11, few of isoprenoids compounds 
emission was very low below than detection limit (B.D) from velvet bean leaves in 
the experimental period. Over all the isoprenoid compounds emission increased 
with drought condition regardless of inoculation.  
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Table 4.9a: Change in leaf ACC concentration (nmol g-1) of co-inoculated and un-
inoculated plants under well water and water stress conditions during experiment  
Treatment FTSW (100-80%) FTSW (60–50%) FTSW (<20%) 
IS 0.01b 0.01 c 0.19 b 
US 0.03a 0.02 b 0.38 a 
 Treatment Well-watered 
IW 0.01b 0.01 c 0.02 c 
UW 0.01b 0.04 a 0.05 c 
 
Table 4.9b: Change in root ACC concentration (nmol g-1) of co-inoculated and un-
inoculated plants under well water and water stress conditions during experiment  
Treatments FTSW (100-80%) FTSW (60–50%) FTSW (<20%) 
IS 0.78a 0.39 a 0.36 c 
US 0.43a 0.42 a 0.38 c 
 Treatment Well-watered 
IW 0.99a 0.29 b 1.15 a 
UW 0.23a 0.45 a 0.87 b 
The mean sharing the same letter(s) in a coloumn do not differ significantly 
according to least significant difference test (P<0.005) 
(IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered) 
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 4.5.4 Microbial Count and Identification 
The rhizobacteria were introduced to plant roots in the form of a suspension, and 
the microbial survival and number on plant roots of stressed and well watered 
plants were analyzed. Both rhizobacteria with same cell density (measured in the 
form of OD) were mixed together and applied to assess the combined effect on 
plant health. Microbial number is presented in Table 4.12. One of the isolates, 
HS9, selected by streptomycin growth survived more than the second selected 
isolate. Moreover, HS9 showed more cellular growth in stressed conditions. In 
contrast G9 isolates remained lower in both treatments. The rDNA sequence data 
of both isolates were matched with available nucleotide sequences by using the 
BLAST program. Strains HS9 was closely related with species of genus 
Enterobacter (Fig. 4.17) and G9 was related with a species of Bacillus (Fig. 4.18). 
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Table 4.10: Change in leaf isoprene emission of co-inoculated and un-inoculated 
plants under well water and water stress conditions  
Treatments FTSW (100-80%) FTSW (60–50%) FTSW (<20%) 
IS 4.41a 115.12a 47.17a 
US 0.75c 71.70b 24.84b 
 Treatment Well-watered 
IW 0.04d 10.29c 9.62c 
UW 3.01b 20.80c 8.65c 
 
The mean sharing the same letter(s) in a coloumn do not differ significantly 
according to least significant difference test (P<0.005) 
(IS= inoculated stressed, US= uninoculated stressed, IW= inoculated well 
watered, UW= uninoculated well watered)  
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Table 4.11: Change in total leaf isoprenoid emission of co-inoculated and un-
inoculated plants under well watered and water stressed conditions  
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Middle=stomatal conductancestart to decline FTSW 60 – 50%, End=stomatal 
conductancenear to zero FTSW < 20% 
+ Below the detectable limit 
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Table 4.12: Root Microbial Count during stress period in cfu/ gm of root mass 
Inoculated stressed FTSW% 100-80 FTSW% 60-50 FTSW% < 20 
Streptomycin HS9 9.185 × 107 2.033 × 107 4.355 × 107 
Rifampicin G9 6.71 ×107 3.786 × 107 0.335 × 107 
 Well - Watered 
Streptomycin HS9 9.185 × 107 1.389 ×107 2.367 × 107 
Rifampicin G9 6.71 × 107 0.393 × 107 3.56 × 104 
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Fig. 4.17: Phylogenetic tree showing relationship of isolated strain HS9 with 
closely related species of Enterobacter inferred from 16S rRNA sequences. The 
tree was generated using the Neighbor-Joining method 
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Fig. 4.18: Phylogenetic tree showing relationship of isolated strain G9 with closely 
related species of Bacillus inferred from 16S rRNA sequences. The tree was 
generated using the Neighbor-Joining method 
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Chapter 5 
DISCUSSION 
Water is a predominant factor involved in various biochemical activities 
and affects plant growth. Water deficiency brings the plant under stress and causes 
a significant impact on plant growth and development. Morphological and 
physiological changes have been observed in plants in response to water stress. 
Under stress conditions, plants also produce secondary volatile compounds and 
high level of ethylene. Many aspects of plant growth, such as roots, stems, leaves, 
flowers and fruits as well as all stages of plant development are affected by 
ethylene. In particular, the increased emission of ethylene results in the inhibition 
of root growth. There are some specific PGPR containing an ACC deaminase 
(ACCd) that can enhance plant growth by altering the ethyelene levels inside plant 
cells under water stress conditions (Glick, 2005). ACCd active rhizobacteria 
reduce ethylene through decomposition of ACC to ammonia and α-ketobutyrate 
and consequently improve plant growth. The bacteria that carry the ACC 
deaminase gene have been shown greatly to improve the drought tolerance of 
plants by lowering stress-ethylene concentrations in the root tissues. In the current 
studies, ACCd producing rhizobacteria were isolated from the rhizosphere of 
velvet beans. The rhizobacterial isolates were screened for the ability to promote 
plant growth under controlled conditions. Effective strains and mixtures thereof 
were used to examine the rhizobacterial effect on plant growth, physiology, 
ethylene production, and emission of secondary compounds under water stress 
conditions.  
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5.1 ISOLATION AND SCREENING ACCd ACTIVE RHIZOBACTERIA 
FOR IMPROVING GROWTH OF VELVET BEAN 
Rhizosphere soils collected from the irrigated and rainfed areas of Pakistan 
were used for the isolation of ACCd active rhizobacteria. The potential of 
rhizobacterial isolates originated from different soils to grow in the ACC enriched 
medium varied substantially and 56% isolates were able to utilize ACC as the sole 
nitrogen source. The maximum number of rhizobacteria that showed better growth 
on the ACC medium belonged to the soil of district Haripur where agricullture 
depends solely on rainwater, and crops often face water shortages during different 
stages of plant growth. The results imply that these soils contain bacteria carrying 
ACC deaminase, but the bacteria isolated from the water stress area can utilize 
ACC more efficiently than that isolated from irrigated areas. Since more ACC is 
exudated from plants under stress conditions, the bacteria present in the vicinity of 
the roots have greater potential to destroy ACC efficiently by using it as the source 
of nitrogen for their growth. This premise is also supported by the fact that 
bacterial biomass in liquid medium containing ACC was greater in the case of 
bacteria isolated from the soil of Haripur district. The bacteria isolated from 
different places may vary in their genetic composition and enzymatic activities. 
Probably for this reason rhizobacteria isolated from different locations showed a 
varying potential to grow on ACC medium and could have variable effect on the 
growth of inoculated plants. Previously, a variety of bacteria isolated from 
different environments found able to use ACC as the source nitrogen (Siddikee et 
al., 2011; Chinnadurai et al., 2009; Shaharoona et al., 2008; Glick et al., 2007), 
however, rhizobacteria with ACC deaminase activity isolated from rainfed areas 
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have not been explored much for their growth promoting activities. Recently, 
Bangash et al. (2013) reported that ACC deaminase producing bacteria isolated 
from rainfed areas of Pakistan had a great potential to promote wheat growth.  
The results of present study showed that rhizobacteria with ACC deaminase 
activity were highly effective in improving root growth of inoculated plants as 
compared to uninoculated plants. ACCd active rhizobacteria possibly enhanced the 
root growth by reducing ethylene levels in the rhizosphere of velvet bean plant. It 
is widely known that PGPR hydrolyze ethylene precursor ACC, resulting in 
increased root growth (Belimov et al., 2009; Mayak et al., 2004; Shaharoona et al., 
2006; Chen et al., 2013a). The above findings are also supported by the results of 
the experiment under water stress conditions where a significant improvement in 
the root and shoot growth was observed in plants inoculated with ACCd active 
bacteria compared to uninoculated plants. Continuous water stress, fractionable 
transpirable soil water (FTSW) was applied to evaluate the effect of selected PGPR 
on velvet bean under water deficit conditions. The rhizobacteria isolated from 
rainfed area (water stress) of Haripur district were highly effective to promote 
plant growth under water deficient conditions. It was futher demonstrated by 
performing another experiment in which synergetic effect of selected rhizobacteria 
was examined on plant growth and physiology under well watered and water 
stressed condition. Mixed culture of rhizobacteria had a positive effect on the 
growth of velvet bean particularly root growth by reducing stress ethylene 
emission which could be an important mechanism to promote plant growth with 
ACCd activity. Increase in root growth enables the plant to uptake more nutrients 
and water resulting in improved shoot growth. Inoculation with ACCd producing 
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rhizobacteria promotes root and shoot growth enabling the plant to survive better 
under stress conditions (Glick et al., 1998; Grichko and Glick, 2000; Wang et al., 
2000; Glick et al., 2007; Sharp et al., 2011; Shaharoona et al., 2013).   
The above findings imply that rhizobacteria with ACCd can be an effective 
biological tool to enhance plant growth in water limited conditions. As it is shown 
in the model by Glick et al. (1998), rhizobacteria having ability to convert ACC to 
ammonia and α-ketobutyric acid through ACC deaminase activity reduce ethylene 
concentration in the rhizosphere (Penrose and Glick, 2003). Under stress 
conditions, high levels of ACC are exuded by the plant that probably favors long-
term survival of the bacteria in the rhizosphere that contain sufficient levels of 
ACC to support their activities. The results of present study showed that 
inoculation with ACCd rhizobacteria was effective in promoting root growth of 
velvet bean. Ethylene is primarily known as a plant stress hormone. It is 
synthesized in higher concentrations in plants under stress conditions and inhibits 
the root growth (Brauman et al., 2013). The rhizobacteria with ACCd enzyme 
lower ethylene synthesis and thus decrease inhibitory effects of ethylene on plants. 
It is known that limited water availability results in impaired root growth and 
increased plant root: shoot ratio because of high root ethylene production (Wu and 
Cosgrove,  2000; Navarro  et  al.,  2009; Anjum et al., 2011; Shahzad et al., 2013). 
Upon inoculation of ACCd active rhizobacteria, root growth predominantly 
increases under water deficit conditions (Glick et al., 2007; Vacheron et al., 2013; 
Bangash et al., 2013 and Glick, 2014), which facilitates plants to uptake 
comparatively more water from deeper soil under water limited conditions and 
allows plant to survive longer and better (Dodd et al., 2004; Hamdia et al., 2004).  
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In this study, a decrease in the concentration of ACC in root/leaves was 
observed in the case of inoculated plants (Fig.4.8). The reduction in ACC 
concentration in plant tissues clearly illustrated that ACCd active bacteria can play 
role in plant growth promotion by decreasing ACC levels in plant tissues. To 
further confirm the role of ACCd active rhizbacteria in plant growth promotion, 
classical triple response bioassay was peformed using selected strains. It is well 
known that pea seedlings are sensitive to high levels of endogenous ethylene and 
readily exhibit typical triple responses when expose to high ethylene levels. Our 
results showed that inoculation with rhizobacteria containing ACC deaminase 
decreased the severity of ACC induced classic response in etiolated pea seedlings. 
Furthermore,  improvement  in  the  length  of  the  seedlings and  root  
development  implies  that  the  negative  effect  of ACC can be reduced by 
inoculation with bacteria containing ACCd enzyme. These findings suggested that 
the selected bacterial strains promoted the growth of velvet bean most likely by 
modulating the ethylene concentration in plant tissues because of bacterial ACC 
deaminase activity. However, role of other mechanism of actions in promoting 
plant growth can not be ruled out. The ability of PGPR to colonize growing 
network of roots works as an important step towards successful biofertilization 
(Saleem et al., 2007). The selected rhizobacterial strains exhibited high growth and 
colonization on plant roots. Also, colonization was more on the roots of co-
inoculated stressed plants. Probably the ACCd active rhizobacteria proliferate 
more under stress condition, where more ACC exudes from plant roots and 
rhizobacteria use that ACC as a nutrient source. The efficiency of ACCd active 
rhizobacteria to enhance plant growth varies because of their different capacity to 
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colonize the stressed roots and hydrolyze ACC. The use of ACCd containing 
rhizobacteria is an environment friendly approach to reduce the inhibitory effects 
of ethylene and promote plant growth under water stress conditions (Glick, 2014). 
This approach will support to increase the crop yield and feed the ever increasing 
population.  
5.2 EFFECT OF ACCd ACTIVE RHIZOBACTERIA ON PLANT PHYSIO- 
LOGY UNDER WATER STRESSED CONDITIONS 
Plant physiological responses were studied in relation to inoculation with 
ACCd active rhizobacteria under continuous water stress. The inoculated and un-
inoculated plants showed a different behavior at different stages of water stress. In 
general, co-inoculation reduced the impact of stress on physiological processes and 
plants showed resistance against severe water stress. It is known that water stress 
instigates a decrease in leaf stomatal conductance, substomatal CO2 concentration, 
transpiration rate and water use efficiency, resulting in low carbon assimilation and 
plant growth (Yordanov et al., 2003; Shao et al., 2008; Centritto et al., 2009; 
Alvarez et al., 2011; Anjum et al., 2011). 
Stomatal conductance is a key factor indicating the leaf water stress and 
subsequently decreases with increasing water stress. It is primarily affected by 
increased water stress than other physiological parameters (Chartzoulakis et al., 
2002; Lewis et al., 2011; Campos et al., 2014; Tsonev et al., 2014). In this study, 
stomatal conductance showed a decrease with increasing stress period in 
inoculated and non-inoculated plants. The stomatal closure was more in inoculated 
plants than the uninoculated plants. The stomatal closure is adapted by plants to 
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save water and increase water use efficiency under stress (Alvarez et al., 2011) in 
order to match water loss by transpiration through the leaf surfaces with the rate at 
which water can be replenished by the roots. It is a strategy of plants to survive 
better under stress (Chaves et al., 2009; Wilkinson and Davies, 2010).  
In the second pot experiment, we observed that co-inoculation restored 
stomatal conductance during stress. A significantly high rate of stomatal 
conductance was observed in response to co-inoculation at the end of experiment. 
In drought stress, plant roots sense soil drying and release stress chemicals such as 
abscisic acid, cytokinins, ACC, ethylene, malate and other unidentified compounds 
(Cheng et al., 2009; Anjum et al., 2011; Wilkinson et al., 2012). These chemicals 
act as a cascade of stress signals from root to shoot through the transpiration 
stream and closing of the stomata, which are very sensitive to soil drying and stress 
chemicals (Wilkinson and Davies, 2010; Chen et al., 2013). Ethylene plays two 
different but interchangeale roles in the regulation of stomatal conductance 
(Wilkinson and Davies, 2010). It can close stomata via environmentally-induced 
ethylene accumulation (Vysotskaya et al., 2011) and can also antagonize by 
modulating the cellular sensitivity to ABA and effect of drought - ABA on 
stomatal closure (Tanaka et al., 2005; Wilkinson and Davies, 2009). In mild water 
stress, ethylene mainly induces antagonism of drought ABA induced stomatal 
closure (Wilkinson et al., 2012). Effects of ethylene on leaf stomatal conductance 
alter with leaf age, not with the synthesis of leaf ethylene. Ethylene induce 
stomatal closure in older leaves earlier than young leaves and inoculation of 
Variovorax paradoxus5C-2 could restore stomatal sensitivity to soil drying in older 
leaves, while no effect was observed on the younger leaves (Chen et al., 2013). 
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Co-inoculation probably facilitated the plants to maintain their gas exchange 
during stress by reducing the level of ethylene and decreasing the root to shoot 
signalling. ACCd active rhizobacteria reduce the inhibitory effects of drought, 
cascading stress signals to the plant shoot and leaves (Belimov et al., 2009). It is 
suggested that the regulation of stomatal response may be due to the altered 
ethylene (not ABA). Therefore, any change lowering the level of ethylene can lead 
to reduced stress and improved stomatal conductance. 
Photosynthesis is a key factor tor plant growth and yield. Its rate is 
decreased under water stress, resulting in the reduction of water stress (Misra et al., 
2002; Loreto and Centritto, 2008; Flexas et al., 2009). The rate of photosynthesis 
could be affected by diffusional (stomatal) and biochemical (non-stomatal) 
limitations (Ahmed et al., 2013). However, under conditions of water stress 
generally it reduces the rate of photosynthesis due to diffusional limitation or 
closing of the stomata.  The stomatal closure causes low leaf gas exchange leading 
to reduce internal CO2 that consequently lessens the photosynthetic carbon 
assimilation in leaves (Centritto et al., 2003; Alvarez et al., 2011 and Campos et 
al., 2014). In the current study, photosynthesis of all stressed plants decreased with 
the closing of stomata under water stress. ACCd active rhizobcacterial inoculation 
improved photosynthetic rate, however not a statistical significance was observed. 
Probably stomatal closure limits plant gas exchange through leaves and thus less 
carbon is available for fixation (Lawlor and Cornic, 2002; Ben-Asher et al., 2006 
and Hu et al., 2010). 
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In the second study, the value of photosynthesis in all well-watered plants 
remained high and stable during the experiment. Initially, no significant difference 
was observed in the co-inoculated and un-inoculated plants, probably all plants 
were in optimal water conditions. However, in the missle of co-inoculated 
experiment the stressed plants exhibited higher photosynthesis rate over un-
inoculated plants. This increase could be linked to high gas diffusion through 
stomatal conductacne in the co-inoculated plants, more CO2 movement to leaf 
photosynthetic site and more carbon assimiliation under severe water stress. 
Contrary to un-inoculated plants, stomatal closure restricted the gas exchange and 
impeded plant carbon assimilation. Moreover, the stress ethylene may directly 
reduce photosynthesis (Brugnoli and Bjorkman, 1992; Mugnai et al., 2009; 
Alvarez et al., 2011). Previous studies indicated that stomatal closure primarily 
limits photosynthesis rate under water deficit conditions, whereas biochemical 
mechanism do not affect readily (Lawlor and Cornic 2002; Souza et al., 2004; 
Chaves et al., 2009; Sapeta et al., 2013). Recently, Campos et al. (2014) studied 
stomatal effect on photosynthesis limitation of bell pepper (Capsicum annuum L.) 
and reported similar results that carbon assimilation decreased with low stomatal 
conductance and recovered when stomatal conductance started to increase. 
Likewise, Ahmed et al., (2013) found similar result, photosynthesis limitation in 
barley, under salinity and drought stress was caused by diffusional limitations. 
Though, non-stomatal reasons are also important for photosynthesis regulation 
during prolong drought (Chaves et al., 2009 and Flexas et al., 2009). 
This study also showed that the transpiration rate decreased as a result of 
reduced stomatal conductance during water stress. Co-inoculation showed 
113 
 
 
 
increased transpiration over un-inoculated plants to severe water stress; it is likely 
to increase the rate of stomatal conductance.  Regulation in stomatal conductence 
under drought stress affects transpiration rate (Wahbi et al., 2005; Centritto et al., 
2005). Similarly, Alvarez et al. (2011) reported that water stress affected the 
transpiration due to the significant decrease in stomatal conductance during the 
drought. Stomatal closure decreased the transpiration rate, while enhanced the 
water use efficiency. This could be due to low stomatal conductance and the effect 
of ACCd active rhizobacterial inoculation (Alvarez et al., 2013).  
5.3 EFFECT OF ACCd ACTIVE RHIZOBACTERIA ON PLANT 
EMISSIONS 
The role of ACCd producing rhizobacteria in promoting plant growth is 
known in literature. The enzyme ACCd cleaves the ACC in the rhizosphere and 
therefore reduce the concentration of ACC and ethylene in plant tissues under 
water stress (Arshad et al., 2008; Shaharoona et al., 2011; Shahzad et al., 2010, 
2013; Glick, 2014; Saleem et al., 2007). In case of high concentration, ACC 
releases in the rhizosphere with other nutrients as exudates and existing ACCd 
active bacteria breakdown exuded ACC (Mayak et al., 2004; Penrose and Glick, 
2003; Glick et al., 2010).  
Previous studies have reported mechanism of actions and rhizobacterial 
effects on plant rhizosphere under water stress conditions, however, not much is 
known whether the ACCd activity alone causes reduced ethylene (inside the root) 
or systemic responses (also within the shoot) to reduce ethylene emission from 
plant tissues. Although it has been reported that ACCd decreases the release of 
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ethylene from seedlings and increases the overall growth of the plant (Mayak et al., 
2004; Shaharoona et al., 2013), not enough is known to understand the local or 
systematic effect of ACCd on plant. The issue has been addressed in different ways 
by measuring the concentration of ACC in the xylem and above ground parts of the 
plant to ensure the transportation of ACC from root to shoot for the evolution of 
ethylene (Belimov et al., 2009; Chen et al., 2013a). However, the ability of the 
plant to carry ACC depends on plant morphology and growth conditions. 
 Usually less ACC is exuded under transpiring conditions compared with 
nontranspiring conditions. The soil drying increases concentration of ACC inside 
the xylem and root. This mechanism of action supports the analysis of the present 
study as more concentration of ACC was found inside the root and leaf of 
uninoculated stressed plants. The concentration of ACC in stressed roots and leaf 
of velvet bean plants either inoculated with single strain or mixed cultures was less 
compared to uninoculated plants. This indicates a systemic rhizobacterial effect on 
ACC concntration. The systematic effect was further supported by the finding that 
the leaf ethylene emission was reduced in the case of plants inoculated with mixed 
bacterial culture having ACCd activity. Previously, various studies were performed 
on pea, ornamental flowers and Arabidopsis thaliana with ACCd active 
Variovorax paradoxus 5C-2 to reduce the ethylene release and promote plant 
growth (Belimov et al., 2009; Jiang et al., 2012; Chen et al., 2013; Sharp et al., 
2013). The use of ACCd producing rhizobacteria could be an effective approach to 
endure the plants against water stress condition by reducing ethylene emission and 
its inhibitory effects on plant (Ahmed et al., 2014; Glick, 2014). 
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Under water stress conditions, plants release their assimilated carbon in the 
form of diverse biogenic volatile organic compounds (BVOCs) (Loreto and 
Schnitzler, 2010). Isoprenoids is the major emitting group of total volatile emission 
in which isoprene and monoterpenes are the largest fraction emitted by leaves 
(Arneth et al., 2008; Harrison et al., 2012). Isoprene behaves as plant defensive 
compound against severe stress condition (Penuelas and Lusia, 2003). Previous 
BVOCs studies demonstrated that drought effects on isoprene emission ultimately 
depend upon intensity of stress (Niinemets et al., 2010). A mild type of drought 
does not influence much on isoprene and monoterpene emissions (Sharkey and 
Loreto, 1993; Pegoraro et al., 2004; Lavoir et al., 2009; Penuelas and Llusia, 2003; 
Staudt et al., 2002). In our studies, emission of isoprene increased continuously in 
first experiment during drought, while in second experiment isoprene increased till 
the middle of experiment and uncoupled from phtotsynthesis. Isoprene emission  
increased even the photosynthesis decreased (Brilli et al., 2013; Loreto and 
Schnitzler 2010; Centritto et al., 2011). Possibly in case of un-coupling large 
amounts of alternative carbon sources contributed to maintain high emission rates 
of isoprene as the photosynthesis rate decreased. Association pattern between 
isoprene emission and decreased photosynthesis indicated that isoprene is less 
sensitive to water deficiency than stomatal conductance and photosynthesis (Brilli 
et al., 2007). This observation corroborates previous reports showing that isoprene 
biosynthesis (which is possibly supported by increasing contributions of extra-
chloroplastic carbon sources under progressive water stress, Brilli et al., 2007), is 
resistant to water stress and consequently,becomes uncoupled from photosynthesis 
under drought. In this study, isoprene production continuously increased under 
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stressed condition as very small amount of energy is required for isoprene 
production (Sharkey et al., 2008) and the leaf ontogeny. Mature leaves emit more 
isoprenes. The increased isoprene under drought could be be attributed to the 
increased electron transport- net assimilitaion  ratio and the increased availability 
of reducing power to the methylerythritol phosphate (MEP) pathway among other  
non photosynthetic carbon reduction sinks (Dani et al., 2015).   
Isoprene emissions decreased and finally stopped during prolong severe 
drought (Brilli et al., 2007; Grote et al., 2010; Lavoir et al., 2011; Brilli et al., 
2013; Potosnak et al., 2014). In severe water stress, the emission of isoprene was 
declined and inhibited with severe drought, probably causing a failure in the 
photochemistry. This would occur only when water stress is prolonged over the 
FTSW endpoint, when stomata are completely shut down to prevent plant 
dehydration (Brilli et al., 2007). However, in the present study with co-inoculation, 
isoprene emission reduced but still more than control value, indicating that the 
stomatal conductance of co-inoculated plants was responsive compared to 
uninoculated plants. Subsequently, the proportion of assimilated carbon loss as 
isoprene increased as the water stress progressed (Ryan et al., 2014). Indeed, 
isoprenoids are stored in leaves, for instance Eucalyptus spp. have antioxidant 
properties. It may be speculated that isoprenoid biosynthesis may be concordant 
with the ‘opportunistic hypothesis’ (Peñuelas and Llusià, 2004), according to 
which plants can efficiently change the demand of essential isoprenoids to face 
incoming environmental stresses. 
Strains G9 and HS9 having ACCd showed highest similarity with the genus  
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Bacillus and Enterobacter. Inoculation and co-inoculation with these strains of 
rhizobacteria enhanced the overall plant growth by modulating the local and 
systematic ethylene synthesis and release by by decreasing ACC concentration 
inside lower and uppar plant tissues tissues under water stress. Co-inoculation 
improved over all physiological responses of velvet bean plants to survive better in 
stressed conditions. The isoprene emission was analyzed as the kinetics of isoprene 
emission as a function of the amount of soil water available to support 
transpiration; the emisson increased untill plants exposed to mild drought and 
decreased when severe drought stress occurred. Inoculation with ACCd producing 
PGPR empowers the plants to endure the effect of water stress and grow well in 
water deficit environment.  
118 
 
 
SUMMARY 
Among several factors, water shortage is one of the major limiting factors 
contributing to reduced plant growth and low yield. Water shortage imposes stress 
resulting in the release of ethylene and BVOCs. Production of higher 
concentrations of ethylene inhibits plant growth especially root growth. Some 
bacteria present in the plant rhizosphere are capable of improving root growth and 
subsequently shoot growth and yield. These rhizobacteria reduce the ethylene level 
by utilizing ACC, the ethylene precursor, through their ACCd activity. 
Rhizobacteria having ACCd activity can break downs ACC into ammonia and α-
ketobutyrate rather than ethylene. It is probable that rhizobacteria containing 
ACCd could improve the growth of velvet bean plants. A series of laboratory and 
greenhouse experiments were conducted to evaluate the potential of such 
rhizobacteria to improve the growth of velvet bean by reducing the levels of 
ethylene and ant of their effect on BVOCs production. The results are summarized 
as under: 
1. A number of rhizobacterial strains were isolated from the rhizosphere of velvet 
bean through enrichment technique.  Out of 253 isolates, 152 showed prolific 
growth on ACC medium showing their ability to utilize ACC as sole N source. 
2.  The 152 rhizobacterial isolates were screened for their ability to promote velvet 
bean growth by conducting petri plate experiments under controlled conditions. 
Twenty-one isolates improved the root length of velvet bean seedlings. These 21 
isolates were selected for the jar experiments. 
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3. A Jar experiment was conducted to evaluate the effects of inoculation with 
rhizobacterial strains on root and shoot growth of velvet bean under normal 
conditions. The growth of velvet bean seedlings improved significantly with 
rhizobacterial inoculation compared to an uninoculated control. The highest root 
length and root dry weights were 70% and 90% better than control. Based on the 
results of root growth (root length, root dry weight and number of lateral roots), 
five isolates were selected for jar experiment under water stress conditions. 
4. The five isolates were further evaluated for their ability to improve growth of 
velvet bean seedlings at 45% water holding capacity (stressed condition). Four 
rhizobacterial isolates (G4, G9, H38 and HS9) significantly increased root length 
(up to 75%) and shoot length (up to 100%) compared to the uninoculated control.  
5. Four strains (G4, G9, H38 and HS9) tested in the jar experiments were further used 
in a pot experiment to evaluate their potential to increase growth and improve the 
physiological responses of velvet bean to drought. Inoculation with these isolates 
significantly increased the growth of velvet bean. Moreover, inoculation resulted in 
decreased concentration of ethylene, stomatal conductance, photosynthesis, and 
internal CO2 of velvet bean compared to the uninoculated control. The isoprene 
synthesis and its emission increases in all inoculated stressed plants compared to 
un-inoculated plants, while the other biogenic volatile compounds did not affect 
significantly.   
6. Two isolates, G9 and HS9 were used as consortium for the next pot experiment.  
There was a significant increase in plant growth, photosynthesis, stomatal 
conduactance, internal CO2, water use efficiency and transpiration compared to the 
uninoculated control. The isoprene emission was increased in inoculated stressed 
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plant compared to un-inoculated stressed plants, similarly in well watered 
conditions. Isoprene emission increased till middle of experiment (FTSW% 50 - 
60) and later showed decline and sever stress (end of the experiment FTSW% 
<20). The other BVOCs found in very low concentration that did not differ 
significantly in treatments. 
7. Isolates G9 and HS9 were identified as belonging to the genra Enterobacter and 
Bacillus respectively. Both the isolates were positive for ACC-deaminase activity 
which was further confirmed by classical triple response bioassay. The results of 
the triple response bioassay showed that ACC had negative effects on etiolated pea 
seedlings by reducing root and shoot length and increasing the stem diameter. 
Upon inoculation with G9 and HS9, the inhibitory effect of ACC was reduced due 
to their ACC-deaminase activities. Both rhizobacteria had the ability to produce 
IAA and showed high root colonization ability (up to 3.35×106 cfu g-1). 
CONCLUSION 
The application of rhizobacterial inocula improved the physiological 
responses of velvet bean towards drought. The ethylene concentrations were 
reduced upon inoculation, improving plant growth. Other than ACC deaminase 
activity, the rhizobaterial isolates were also able to produce IAA, and had high root 
colonization activity. Therefore it can be concluded that the use of such 
rhizobacteria containing ACC-deaminase could be very effective in improving the 
velvet bean growth whether the detailed effect on plant physiological responses 
particularly on synthesis, release and kinetics of BVOCs under water stress 
conditions is need to be tested. 
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FUTURE RECOMMENDATIONS 
This study revealed that ACC-deaminase producing rhizobacteria had 
potential to affect physiological responses and growth of velvet bean.  
The following aspects may be explored in future research: 
 A study would also require for comparison of soil inoculants from rainfed 
and irrigated soils and PGPR approach can be used to improve growth and 
yield of various crops grows in water deficit environments. 
 Work can be extended to analyze the effect of inoculation at various stress 
levels and also upon re-watering of water stressed plants. 
 Future research should be focused on the molecular studies of ACC              
responding genes and enzyme and its role in plant stress signaling. 
 The ethylene and ABA relation in regards ABA and ethylene synthesis and 
tissue concentration should be studied for the physiological processes of 
plants under water stress condition upon inoculation 
 The descriptive study about relationship of isoprene emission and drought 
stress should be conducted with isoprene synthase proteins and with use of 
carbon isotopes to analyze the photosynthetic carbon loss in form of BVOC
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APPENDICES 
APPENDIX I:  
 
Single factor factorial analysis of variance for root length (a) and shoot length (b) 
of inoculated and uninoculated plant under water stress.  
 
 
 
b) ANOVA 
     
 
 
 
 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 19.42746 4 4.856864 9.730386 0.000154 2.866081 
Within Groups 9.98288 20 0.499144 
   
       Total 29.41034 24         
 
 
APPENDIX II 
 
Single factor factorial analysis of variance for root dry weight (a) and shoot dry 
weight (b) and total biomass (c) of inoculated and uninoculated plant under water 
stress.  
 
a) ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 458.96 4 114.74 2.53513 0.07223 2.866081 
Within Groups 905.2 20 45.26 
   
       Total 1364.16 24         
 
 
 
b) ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 5.867808 4 
1.46695
2 
6.48568
9 
0.00162
5 
2.86608
1 
Within Groups 4.523659 20 
0.22618
3 
   
       Total 10.39147 24         
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c) ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 19.42746 4 
4.85686
4 
9.73038
6 
0.00015
4 
2.86608
1 
Within Groups 9.98288 20 
0.49914
4 
   
       Total 29.41034 24         
 
 
APPENDIX III 
 
Single factor factorial analysis of variance for root and shoot ethylene (a) and ACC 
concentration (b) of inoculated and uninoculated plant under water stress.  
 
a)  ANOVA 
 
      Source of Variation SS df MS F P-value F crit 
Between Groups 8.612774899 4 2.153193725 8.059162 0.001123 3.055568 
Within Groups 4.007600831 
 
15 0.267173389 
   
       Total 12.62037573 19     
 
b) ANOVA 
 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.20943247 4 0.052358 7.003119 0.00218 3.055568 
Within Groups 0.11214599 15 0.007476 
   
       Total 0.32157846 19     
 
 
 
 
APPENDIX IV 
 
Single factor factorial analysis of variance for root length (a) and shoot length (b) 
of co-inoculated and uninoculated plant under water stress 
 
a) ANOVA 
 
      Source of 
Variation SS df MS F P-value F crit 
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Between 
Groups 4.12571 3 1.375237 2.995101 0.095432 4.066181 
Within Groups 3.673296 8 0.459162 
   
       Total 7.799007 11         
 
 
b) ANOVA 
 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 14.2808 3 4.760267 14.84529 0.00124 4.066181 
Within Groups 2.565267 8 0.320658 
   
       Total 16.84607 11         
 
APPENDIX V 
 
Single factor factorial analysis of variance for root dry weight (a) and shoot dry 
weight (b) and total biomass (c) of co-inoculated and uninoculated plant under 
water stress.  
 
a) ANOVA 
 
 
 
     Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 7.309465 3 2.436488 4.439376 0.040789 4.066181 
Within Groups 4.390686 8 0.548836 
   
       Total 11.70015 11         
 
 
 
 
b) ANOVA 
 
      Source of 
Variation SS df MS F 
P-
value F crit 
Between 
Groups 18.2606 3 6.086867 43.62303 
2.65E-
05 4.066181 
Within Groups 1.116267 8 0.139533 
   
       Total 19.37687 11         
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c) ANOVA 
 
      Source of 
Variation SS df MS F 
P-
value F crit 
Between 
Groups 260.8575 3 86.9525 270.0388 
6.55E-
14 3.238872 
Within Groups 5.152 16 0.322 
   
       Total 266.0095 19         
 
APPENDIX VI 
 
Single factor factorial analysis of variance for root ethylene (a) and shoot ethylene 
(b) of co-inoculated and uninoculated plant under water stress.  
 
a) ANOVA 
 
 
 
     Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 51.33546 3 17.11182 165.0121 3.04E-12 3.238872 
Within 
Groups 1.659206 16 0.1037 
   
       Total 52.99466 19         
 
b) ANOVA 
       
Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.1198919 3 0.039964 5.143711 0.02849074 4.06618055 
Within 
Groups 0.0621559 8 0.007769 
   
       Total 0.1820478 11     
APPENDIX VII 
 
Single factor factorial analysis of variance for root ACC concentration (a) and 
shoot ACC concentration (b) of co-inoculated and uninoculated plant under water 
stress 
 
a) ANOVA 
 
      Source of 
Variation SS df MS      F 
P-
value F crit 
Between 1.858901707 3 0.619634 4.294 0.044094 4.066181 
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Groups 
Within 
Groups 1.154311712 8 0.144289 
   
       Total 3.013213419 11     
 
b) ANOVA 
 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.1998471 3 0.066616 14.92 0.00121 4.06618 
Within Groups 0.035716 8 0.004464 
   
       Total 0.2355631 11     
 
APPENDIX VIII 
 
Single factor factorial analysis of variance for isoprene release from inoculated and 
uninoculated plant under water stress 
 
ANOVA 
 
      Source of 
Variation SS df MS F 
P-
value F crit 
Between 
Groups 0.0019513 3 0.00065 0.8565 0.5015 4.0661 
Within Groups 0.0060747 8 0.000759 
   
       Total 0.008026 11     
 
 
 
APPENDIX IX 
 
Single factor factorial analysis of variance for isoprene release from co-inoculated 
and uninoculated plant under water stress 
 
ANOVA 
      Source of 
Variation SS df MS F 
P-
value F crit 
Between 
Groups 0.2465879 3 0.082196 12.53809 0.0059 4.0181 
Within Groups 0.0524456 8 0.006556 
   
       Total 0.2990335 11     
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